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A STUDY OF LOCAL EARl.HQUAKES lN OKLAHOMA 

USING 1- 3 HERTZ 

CHAPTER I 

Introduction 

In the ye9rs pr evious to 1972, a ll the pe riod seismogr aphs 

operating in were of the t e l escismic typ e , operating on a band 

pa ss of about 1- 3 hertz . Loca l earthquakes occurring in t ypi-

cally havin g fr equencies in the 2-10 he r tz ra11gc , do not always a ppear 

clearly 0 11 the se ismograms r e cor ded on such seismographs . The effect of 

tl1e f iltering is suc h that l ocal ear thquakes cannot always be distinguished 

from othe r high f r equency events such as quarry bl as t s . 

In May , 197 2 , a hi gh-pass ve rtica l seismograph, HPZ . began op e r-

ation at TUL, the sei s raic sta t ion of the University of Oklahoma Earth 

Sciences Oose rvatory at 35 . 90°N . , 95 . 79°W . near Leouarrl, Okla homa . f3 rJy 

work with HPZ indicated th a t loca l ea rtl1quakes could easily be id enti f ied . 

La t er work usin g a band - pass v 0ry short period vErti.r al seismo-

graph, VSPZ, cor=aborates t he earli e r work , reasonable id en ti-

fic ntion of local earthquakes . De t ermina tion 0£ local earthquakes in 

recen t years is thus ve r y a nd work to be done to de-

velop a me t hod of of earJ.i e r by s tudying s hort 

pe riod records of r ecent years . 

1 
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Loca l e arthquake s in Okl ahoma occur r ing i n 1976 ar c used as a 

"learning se t " to de termin e the characterist i cs of L!ar:::hq :;,kes on 

the short pe ri od t c l ese ismi c t ype seismogr aphs SPZ , SPE , and SPN . The 

methcd of id entif ica tion was no t i niti ally kno,m , as no ?revious 

of this explicit na ture h ad been done . of qu;i l i t a t ive determi-

nation we re kno m and had been a pplied by Tr ygg'rascn (1S64 ) i n a s tu dy 

of the seisrnicity of Okl c.homa . Hi s ma in cri t crL1 Lo look cor s!10r L 

period cv n t s wi th p hases a pa rti cLl a r s ha pe , ouch like t ha t of 

an expon enti a l J e cay . This worked for s event s , bu t some 

that we r e indete rmi na t e in cr ig in . 

It thus s e ems de s irable to emp l oy some so rt o f quantit a tive 

discrirnin ;:i nl be tween l ocal en rthquakes and ot he r short pe r iod eve nts . 

Measuring s everal var i abl es as Pg a nd Sg per iod , Pg Lo Sg &mp li tude 

ratio, dur a tion, and coda l eng th on th e Lhrce se i s mog r ap hs and compa r ing 

the rt:!sult s ror ea rthquake s a nd o th e r even t s se med a r easo ndble proce-

dure , altho11 gh the bes t method of a pplying the dif fe r e nces in va ri ab l e 

values was a t first unclear. In th e a bov e rli sc us sion , t he s ub script 

g incl i ca l es t he P(lo11g itud i na l) S (shea r) waves tr ave l d only in the 

up pe r cru :> t. 

After the varia bles li s t <l abov · had b en meas ured f or mos t of 

th e ear thqt1ak es Okl a homa in 197 6 , va ria ble meas ur ement s [or ma ny 

othe r short pe ri od event s w r e al s o mad . Initia l a tt mp l s Lo f ind a 

dis criminan t involve d ma king a l a r ge number of x- y gr ap hs o[ one va r iab l e 

versus .::mo t he r . Thi wo r k sho·.11cd some i mproveme nt ovc1· the use of a 

sin gl bu t s t i ll l ef t much to be d sired . A me thod th a t 
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wo uld us a ll th e va riables t c th eir fu ll est xtent in a multidimensional 

spac was thought to he. better . 

Aft e r some a satisfactory way of was arrived 

upon and developed . This me th od , multivariate discriminant analysis , 

us e s population to develop we i ghts to be app l ied to the variables 

so as t o a rrive at a single weighted value for an vent . A dividing 

va lue is also de t ermined so t!tJ t identification of an even t 

on whe the r its weiGhted value i s gr eate r t han or l ess than the dividing 

va lue . Use of multivariate analysis pr ovides a maximum of 

approximate l y 94% chance of correc t ly identifying individual events in 

th e ca t ego ries o f local earthquakes and other s hort period 



CHAPTER II 

Al t hough t here have be.en no st udi e::. of carthquake c:: ·tn 

tha t dea l specifical l y wi t h t he problem of id en cification , ther e a r e 

r e lated studies of ear t hq uakes and seisnii c i t y in Oklaloma and th cen-

tral Un i t ed St a t es . Or:.e of th em , t he afo r emen tioned s t udy by l' r yt;gvoson 

(19 64 ), i s mor e of a ca talo gin g s tu dy in which th e obs erv s t r P11ds 

of epicent e r s , magnitude r a ng s , and presen t t ectonic nc tivity . As men-

t ione d b >fore , Tr yggvaso n gi vC:'s some bns i c quo l i l .J. t ivc crite r ia ro r 

i d en t i fy i ng lo cal ear thquakes . I n fac t , some par t icula rly in t e n 's Ung 

not a tion s on the event s he stud i eJ are t ap ed on t he wh jch 

he l ped in ea rly s tudy to become fam i li.J.r wlt h t he app c3 rance o[ eve n t s 

on t he s hort pe riod 

Anoth e r catalog ing effort o f inte r est is the one done by J am s 

Zo l lweg (197 4) . Zo llwe g , in a p r e limina ry :-; tudy o[ t he s i s micity of th e 

Vr.L t 2d Stat s , s tu di ed r eco r ds f r om stations i n 

the cont i ne r: ta l in terior covering a period of Umc fro.n J a:rn <Hy , l9 63 

t o Y br unry , 197 4. I t is ass umed hi - critcriJ for 

of even t s as ea rthquak_s is similar to Tryggvaso11 ' s . 

Study mor r f'. ] vJ t c, the J cv of a di. scri1r inan : has 

be n don by Dr . Jn m s Lawson, gcophy s i.cls a t th e Univer3 ity of Ok l a-

homa Eart h Sden s Oos rvnt0 r y (O . U. E.S . O. ) i'1 Leon a rd , Okl;:;.h m:i . 

4 
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work with seis1!logr ap h filtering i1 t TUL , the sej smic s ta ti on code for 

th e ob s rvat ory , was one of th e pr incipal reaso11s for suspccting thilt 

the r e have be n many loca l ear thquilkes over l ooked or unid over 

the yea r s pr evious to 1972 (L2wson, 1975) . His method o[ ide1 tificatian 

using filters , which wi ll be dis c ussed ·n more detail later , shows that 

local earthquakes oc:cur with a frequ ericy a round 30 pe r ye:ar . Anothe r 

st11Jy, by Lawson and Robe1· t DuBuis (197G), is a descriptin: s tudy 

of f e lt ear t hquokes in Oklahoma over the years J 974 - l97G . A ca t alog of 

ear thquakes with ep i ce1ter s in th rough with nn accompanying 

map has been prepared by Lawson , Du Bois , a nd Pilul Foste r (1977 ) . 

Anoth e r articl·?. , written by lHll Ka Jb (1 961+) , is mor:-e of a lay-

men ' s guide to earthquak s in Oklahoma . Tltis a r ticl is a little sensa-

tional i s tic and inaccurate . 



CHAPTE R III 

Theory 

Source Considerat i ons 

A basic ass umption used in this s tudy is that local ea rthquakes 

are inherentl y different from other short period events and can be dis -

tinguished from other such events . On e way to quali(y such a stateme nt 

is to study earthquakes and other stiort wave gene rators such as 

explos ions in th0 contexr of seismic sources to predic t how the ir s i g-

nals should app ear 0n a seismi c: rccorci. 

As is di scussed by Dahlman and Isr elson (1 977) , a seismic sourc 

can be desc rib ed by its strength and its spatial and t mporal charac-

t eristics . An exp losion should be a much simpler sour ce as the size of 

the ener£y s our cL i s r lJtive ly small and the geome try of ene r gy radi-

al ion should be symmetric , wh ereas an earthquake i s usually of a more 

complex , asynm1etric nature. Al though the exp losions discussed by Dahl-

man and Israe l son a r e nuclear exp losions , some or mos t of wh a t they say 

should hold true for smaller , inc ndiary b l eis ts of t11e. t ype which occur 

with fr .quency in quarry op r a tions in Okl nhoma . 

Ea:pirica l and mod e ls of explosions h ve been made 

which inclicat th a t rnost of th e e nergy r e leas d by an un d12 r g r ound nu-

clear exp losion is th und ex ists only in the vic inity of th xplo -

sion . Only a smal l fraction of the xplo s ion e n • r gy , s ti ma t db · t ween 

6 
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0. 01 and 5% (B2rg et al , 1964, Tr embly and Beq:;, 1966, 1967), 

is radi ated as seismic ene r gy . The geome try of an explosion source is 

usually desc rib ed as the surface of th e spherical boundary betwe n the 

inelRstic and elastic r eg ions of the exp l osion . As the radial pressure 

of the explosi.on shock- wave acts on the surface of the elas ti c sphe r e , 

seismic waves a re genera t ed . If the sphere we r e tru Jy symmet ri c , only 

compressional wave s with constant ampli tud e in al l directions would be 

generated. For such a model, th e initia l mot i on of earth ma t eria l s 

should be compressional. 

Complications in t he above mod e l f or exp losion sources in Okla-

homa are tha t the explosions occur on or near th e s urf ace, ar the explo-

sions are usually quarry blasts . This complicate s signal in that 

large surface waves are us ually g ·11 e rated which a r e no L ·1lwa_is d · sce rn-

ible fr om the sma ll sh ear waves on seismograMs . 

The amplitude spect r;;i studies for mo s t models tha t 

the peak of the spe ctrum is shifted toward s lower with an 

increase i n explosion ene r gy . Thus, althou gh blast charge sizes prob-

ably vary, the fr equency spec truc for blasts mi gh t be expected to be 

more uniform than t:hat from a na tural seismic e ·; ·nt . A c.:omp.iication in 

studying blasts in e r e a is that th y a r e usu a lly cont! ·i c t ed in the 

form of multipl e cha r ges , which complicate the apparen t wave phases r e -

corded on the seismog r am. 

Bollinge r (1971) p r s nt s n analytic app r oach to studying 

blast seismograms , but is mainly direc ted nginc c ring purpo s s . 

Some xamples of blas t seismograms comparabl to those r ecorded 3t 

TUL ar given in hi s book , and seve ral r f renccs are Us d 

in thcappcndix for f ur th r invest i gat i on . 
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Most models of ea rthquake sourc•s a r e d r ived f r om r adiated seis -

mic ·,.;raves . Th process by an ea rthqu2ke occurs is usua] ly d 

scribed by st r ain and r e l ease in a na rrow zone along a 

fault pla ne (Dahlman and Israelson, 1977) . Sine an active fault plane 

rarely breaks the surf ace of the earth , as is th e case in OkJ ah oma , the 

geome try ancl dynamics cf a f au lt plane ar-e seld m knc-.v:-n . Often th e earth-

qu akes occur a Jong fault planes , or zones of of 

which 0Kl3homa has many . 

Models of ener gy r ad iation fo r usually have four 

quadrants of alternating compres s ional and dil a t a ti ona l ini t ial P motion 

(Dahlman and Israe lson, 1977) . The polarity of Lhc s hear ·waves a lter-

nates in a similar way . This pattern is in sh nrp contras t 

with t hat of the s i mple r explo :.; i on . 

Amp litude spectrum stud ie s (Aki, 1972, e . g .) have s ho\,•n thac ;m 

increase in the dime nsion cf art i:: nrthquake l i:ads to a n arnpJ i-

tud e a t zero f r equ ncy and to a lower corn r fr quen cy above which ampli-

tud e drops off r apidly . This means th a t small ma gnitud e carthquAkes 

such as those that occur in OkJ ahoma radiate mar ene r gy a t hi gh fr -

quencies than lar ger events . 

A furthe r distinguishing fcH tur e of is th a t they 

have a l arger t , rnporal than xplosions , which shou d b more 

pulse-l i ke(Dah l man and I s raelson, 1977) . If carthqu<lkes occur du Lo 

rnov em nt along a faul t the time it t akes fo r th e mov men l is ap pare ntly 

long r than the time it takes fer an xplos i on to occur . lhls obs r-

vation is more a r s ult ( rwpi i ica 1 obs .!'."'l!t.:..on fr om ::-cim::iogt?ms than 

anyt hing e l se . Aki a nd Chow·t (1 972 ) hav s..iggcsu•d Lh .:tt. rh.:> dif fo r-

nc s in codn l c ng h may r ise as a r esu lt o( s in source 
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s pectra only . 

Si mp l e Disc ri mi nants 

As was mentione d in th e introduc tion , t he r e some simple ways 
to distinguish mos t ea rthquakes from othe r shor t period vents . Try gg-

vason (1964) us e d a combination of th2 hour of th e apparent 

f r equency of body waves, and th e ampli tud e ratio of Pg and Sg waves to 
positive ly iden ti ty t en events as natural ea rthquakes . Richard Simons 

(1 97 7) in a study of th e seismicity oE Sa n Diego emp l oyed proximity 

o f th e e\.rent to known active qu a rries , si gnal characteristics at two 

recording sta tions. and RVR , time of day , anu presence of aft r-

shock.,, t o distinguish ..:a rthquakes from othe r even t s . The hou r of occur-
r e nce is s i gnificant because blasts tend t o be detona t e d at thos e times 
th at are s a f es t and most conveni en t . Thi s means that most blastin g 
occ urs dt;d11 g th e lunc h at the site , or , more commonl y , i n the l ate 
afternoon s11o r tly a f ter a ll operations have bee n shut down for th e day . 
Early morrd.ng deton a tion s seem to pr ompt a large n un:bc r of enquiries 

from nearb y r esidents . Thus an event occur rin g outside the normal working 
hour s in a n a r ea is a r. ea rthquake. 

Simons found that the r aric· of pL' ak S-wave amp litude P-wave 
amplitud e ahwys exceeds 2 and gene rally 3 or mere . Ear thqu.:;.k s , on 

th e o t he r hand , {wve a r.:i t io that nev2 r exceeds 2 and is ,..,Cl rally 1 

or l ess . (. T!1e way tld s r e lation is exp r essed abo ve i s t he con-
v r sc of the wa y it is listed in Si·nons ' paper . A mistak was prob · bly 

made, a c- is borne out by the accompanying f'gure , 10 , in t '!e 
pap r.) 

Simons a l s o used th e presence of a l ong- p riod (about 0.8-J . 0 
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sec . ) ground r oll fo llowing the S phase t o distinguish blasts from 

earthquakes . The gr ound ro l l is a trapp ed Ray leigh mode in th e low-ve-

locit y surfac l aye r s which doesn ' t usually aprear for th relatively 

deepe r ear t hquakes . 

In a dd it ion to t hese above c r iteria it wo ul d s em that the day 

of t he week might help class i fy events , as lit t le to no blasting 

i s don e on weekends . This would of course be i n s cope to t hose 

few even t s whi ch occ ur on a weekend , and does not supply a disc r iminant 

wi t h much f l ex i bil i t y . 

Persona l obser'.ra tion has shown tha t some of t h se s imp l e dis-

cri111 i na t i ng c r it ria a r e i nd eed useful. Mos t loca l ear-t !Hju6t:<es r e -

cord ed on th e sho rt per iod seismographs at TUL have relatively s hort 

pe r iods in the range 0 .1-0 . 4 sec . fo r bo t h ?g and Sg phas s . Mos t also 

seem to have a Pg t o Sg max i mum amplit ude r atio of abo ut one , a11d us u-

al l y li ave we ll deve l oped phase separn t icn a nd BO Od agreemen t on ar r ival 

t i me s of t he phases on th e diffe r ent seismograms . 

The r e i s no ap pa r e nt d i spersion in th e wave pa t te rn of t he 'a ·,_·t h-

quakes , as op posed to th e us ua l norm3 l ly disp e rsed s ur face waves f r om a 

bla s t , in whi ch the l owe r f r equency s i gna l tr a vels faster anu a r rives 

be for e the highe r f r eq ue ncy signa l . Howev r, i n studying the ea rt h-

qua kes fo r t he y a r 1976 i t was found that some of the eart.hqu:ikes d -

v i a t e from t his nor ma l pat t rn . It th us seems that a more 

pot ent disrrimina t ional me t hod should be develop d that ly 

combines seve r a l meas urable characteristics of s hor t period events . 

Graph i ca l Approacn 
A crud e a t t mp t a c discriminalion of local earthqJnk .s from o her 
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short period ev nt s can be made by makir.g x- y plot s of two of the vari-

ables The ideR behind thi s is that a comb ination of variables 

expressed in such a gr aphical manner would al l ow vi sua l discrimination 

by a s i mple geometric separ ation o[ groups of symbols represen ting th e 

two t ypes of events . advantages of such a method thac many s uch 

plot s can be made u.s in g a computer and visua l inspecUon of the pl o t s 

quickly assesses t he '!a l i dit: y of any propo sed di sc ri .1inar,:: . The ma_i or 

drawbacks to this method are that it is limited to twn di me nsiona l com-

parisoPs and combinations and that the evalua t ion of a discriminan t can-

not he made quant i t a tively . 

Quantitative Discrimi nants 

A lite r a tur e search on sPismic di sc riminan t s th3l: most 

t Pchniq ues that have been dev l oped are fu r distingui s hin g earthquak s 

from n11 c l ea r blas t s . As the sou r ce char acteris tics and r eco r d ·d chara-:: -

t e r of both of these types of events a r e ve ry much dif from tl1ose 

studi d in this pap e r, pa r alle l logic and <lir c t application of any of 

th e s e me thods wa s not po c- sible . It is inte resting :rnd instructive to 

not e , thou t;h, wha t methods have b e n app lied by ot he r s . 

Booker and Mitronovas (1964) used Anderson ' statistical method 

for discrimina tion . of blasts , collapses , a nd using n ine 

param t ers co:i1p ut <l from th e r t ics of i ntegrals of the squa r ed amp litude 

for v rtical, radial , and tan g ntial compon nts fo r diffcrcr1t e locit y 

wind ows . Ea h o[ th e r a tios is a m asure of t c r Jn ive nergy in a 

pai r of th - ve locity windows . Their method involves the • sc o[ digit.::i.l 

r ecordin g quiprnenl, as do mos t of the other discriminnncs in the lite1-

atur . Book r and Hitro ;10vas appro.:i::-h th e dis crirnin<1tiOL1 p•·oblcm s t: 3t is -
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tical ly , making s i gn i fi cance t es t s on t he means of the earthquake and 

b l ast gr oups . Di sc rimina t ion was achieved by multivarjate discr iminant 

analys i s , the me thod chosen fo r use i n th is paper . Booker and Mitrono -

vas a chieved abou t 85% pr obabil it y of correc t ly classifying a given 

vent e ith r as an explosion or an ear t hq uake . 

Othe r disc rimina11 t s tha t have been deve l oped fo r nuc l ea r explo-

sions and ea rthquakes i nvolve s pect r a l a na l ysis . Bakun anJ Joi1nson (J 970 ) 

use t he fa c t th a t exp losion sp c tra are r ela t ively richer in t he high 

f r e quency band (1 . 35- 2 . 0 Hz ) t han a r e t he n a tura l ea rthquake spec t ra . 

Eve r nd e n (1 97 7) has deve l oped an i mp r essive di scriminan t based on use of 

the full s pe ctra l ba ndwidth of t he P coda f r om 0 . 4 t o 9 Hz t ha t success -

f ully J istingui s l1es be twee n a l l Euras i a n explos i ons and s ha l low- foc us 

earthquakes s tudi ed . 

Some othe r di sc r i minant s are lis t ed by bnhlman a nd I s r ae l so n 

(1977 ). One i s t he pol a r i t y of init ia l motion , i n \Jhich 811 initi a l 

mot i on s from an exp losion should be compr ess ive , rega rd less of az i muth . 

Another is th e corn "' r fr cq u ncy , whi ch uses th e fac t th a t t he corn r 

fr e quency ab ove whi ch amplitu de r apidly dro ps i s t heo r e t ica lly h ighe r 

fo:: explos i ons th an fo r ea rthquakes havin g t he same amp l i tu de a t ze r o 

f r e quency . The fa c t tha t exp l os ions gene r a lly g ne r a t c l ess s hear-

wave e ne r gy t h an ea rthquakes has been tr ied as a di sc r iminan t t oo , bu t 

l i tt l e h as heen don _ wi th thi s me th od i t is di ff i cult tc de t ec t S 

wav e s f r om s ismic even ts . 

The di sc r imina tional t echn iqu t hat has r ceived th mos t succ€'ss 

and attention in nuc l ea r Y:p l os i on work is that based on the 

r atio . This m t hod has be n hamp r d i n applicability by a lower lici t 

f.., . 4 and th e fac t t ha t t h and I ma gnitud es canno t b s 
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calculated a t a distance l ess th an 20° centrR l a ngle by their definition . 

The mb(M ) discriminant i s the r efore no t usefu l in a s tu dy of small mag-
s 

nitude ear thquakes of t he sort t hat occur in Okl ahoma . 

Multivariate Di scr iminan t Analysis 

Multiva riate di sc riminant a na l ysis is a di s t inguishing method 

that is mainly used by r esear che r s i n the soc i 2l ancl biologica l sciences . 

The me thod ' s main featu r e is that i t r ed uces mu ltiple va riab l e measu r e -

rnents to a s in gl e weighted composite . The multivariate problem is 

thus r educe d to a simple r univaria t e oroblem , and dass i fjca tion of an 

even t int o a gr oup depend s on th e single weight e d value . Unde r appro-

priat e conditions , the new composite score can be ass umed t o have a 

normal distribution with es ti ma ble me an and variance for each group . 

Probabi lity t ab l es fo r the (z) distribution can thu s be 

used to det e rmine prob abilities of misclass ification a nd the lik0l i hood 

with whi c h an individ ua l ev e nt be lon gs t o each grou p . Using samples fro m 

a popula tion and r educin g the measurements made on e ach individual 

even t to a single value , i t i s possib l e to determine a critical va lue , 

or cutting point , whi c h will minimize e rrors of misclassifica tion or 

which will yield known , but unequ::i l probabilities of err or wi thin th e 

two groups . Under app r op riat e ass ump tions , tes t s of significance of 

multivari ate mean differences s uch as tl1 F Les t ca n be used to ana l yze 

discriminant analys is r es ults . 

On o f the cl ar st expositions on mul tivariate discriminant 

analysi s and one which gives severa l good examples is giv n by Ove r 1: 

and Klett (19 72) . Th :: iJ:" me t.h ods are the ones mair.ly us -d in this pap e r 

for such thin gs as th valuation of a proper cuttin B value , determina-
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tion of tlie probability of classifying an vent , and t esting 
for a significant difference in tt1e means of two gr oups . s t atisti-
cal sources used are Koch and Link (1971), Eisenbeis and Avery (197 2) , 
McCammon (1969), Spiegel (1975), a nd Lachenbruch (1975) . 

The solution to a analysi s probl .m involves deter-
mining the weights to be given to each of the k variab le m asurements 
made on an even t in ord e r th at th e resulting composite valu has maximum 
utilit y in distinguishing betwee n members of groups . The method is 
appli cable to any numb e r of group s , but th e scope of th is explanation 
of the theo ry will be limited to the case where only two groups are 
under consideration . 

If it i s assumed that there exists some unknown set of linear 
weighting coefficie nts which will d fine a composit e providing 
maximum discrimi nation two gro up s , the desired discriminant func -
tion will have the form 

where a1 , a 2 , . .. , ak are th weighting to h applied to the 
k measured variab l es x . (i = 1,2, . . . , k) for each event . The probl mis l 

to d rive op t imal valu 0 s for th 2 we ighting coeEfici nt s s u ·h th a t th e 
difference between scores ior the two group s will b maxin.ized r e lative 
to the variation within groups. This is equival nt t o saying that weigh tin g 
coef fici nts are to be d rived such that th e t sta ti s tic or F ratio be-
tween groups will bL maximum . The (unction to be maximized is the r a ti o 
of t he betw· n- groups variance to th e within- gr oup s va ria nce . Th e be -
tw en groups variance can b defin d as the squa r e of the sum o f th 
weight d dif fe r enc s in arithmcti m ans of t he k variabl s for the two 
groups : 
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s (betw 
nln ? 2 en gr oups ) = (a1d1 + a 2d2 + ... + a kdk) 

where s (b e tween groups ) is th e between gr oup 3 variance anJ the d1 , d2 , 

.. . dk are the mean diffe r e nc es fer th e k va riabl e s for th e Lwo g coups . 

The within- g r oups varia nce is commonly compu t ed us ing va ri once-

covariance values , which a r e u3u a lly l ist ed as mat rix coeff i c i ents in 

a covariance matrix . Covariance , which is a lso some times r eferr ed to 

as di spe r s i on, is a meas ure of the scatter of va lues abo ut th e ir means . 

The c l ements c .. in a with in- groups covariance k x k ma trix C ca n be com-lJ 

put ed i n several eq uivale nt ways , two o[ which are : 
0 ng ('r'.: i senbei s 1972) 1 •J a nd Ave r y, 1) c .. l: L: l l J J J.J nl+n2- g 

ng ng 
1 g ll g x. L: x . 

l 2 ) c .. 
nl-f-n2- g 

l. ( l. x . x. ) J.J l J n (Ove r a ll and Kleh , 197 2) 

whe r e i and j are variable designations for each of th e k vari.abJ , g 

is the group nurr.be r, and n is th e numbe r in the r oup fo r whi ch the g 
covariance valu e i s be in g comput e d . 

The r atio of th e b twe n- group s var i a nce to t he within- group s 

variance is th n 
2 (aldl+a2d2+ .. . + a kdk) 

i j 
l. l. c .. a.a. 

lJ l J 

This function i s not us d in calcula tion, but def in es th cr i t rion 

function th at is maximized wh n one comp ut es optima l va lu es fo r the un-

known \,·eigbting coe fficie nt s . 

Th g ne ral form of th e solution i s obtained by applying ca lcu-

lus t o the f unction and maximizing with r gard to the a . (i = 1 , 2 , . .. , k) . 
l. 

Thi :; yields a of k equa tions with k ur. knowns th.Jt urn be solve d 

simultnneously t o obtain va lues for he a . . The qual i ons obtain d arc : 
l 
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where the c .. are elements of the within-grou µs va riance- covari ance ma-lJ 
tri x among th e k variabl e s . 

In this solution it is assume d tha t the va rian ces and cova ri ances 
of th e two groups are the same . This mean s th a t th e ea r chquake data 
and other short pe rio<l data in this study who11ld be sca tt e r ed about th e ir 
means in a similar mann e r . Linear we i ghts have b en de rive d for th e cas e 
whe r e no r e s trictions on the covaria nc e wilh r es pect t o e qua lity is 

mad e (And er s on and B<lhadur , 1962). These we i ghts have so f a r been 

t ested for only a few cas es , but have not res ult ed in any significant 

improverne nl (Ericsson, 1973). 

The number of ob s ervations in th e samp l es must be appre cia bly 

larger than the number cf dirr.ensions o f the di sc riminant . Othe rwise 

one might easily overe stimate the ca pability of the di sc riminant (S ammon 
et al, 1970) . 

Once the weighting coe f fici ents a. ha·Je been d . t e rmined, th e l 

mean value of the di s criminant fun c tion for a group can be obta ine d 

by applyin g the weighting coe ffi c i e nts to t he weans s or s for th g rou p 
on the k variable s : 

wh e r Lh numLe r i n r a r nrh ' ses r ep r e sen t th ' wo gr oups . 
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The varia nce \ (y ) of t he dis c riminant function within each 

group , which is assumed t o be id en ti c&l as a r esult of the 

as sumption of equal va riance- covarianc e matrJces fo r the two gr ot1ps , is 

given by 

V(y)= y (l) - y(2). 

If it i s f urthe r assuaed that t he o riginal x. have 3 multivar i a t e norma l J_ 

distrib u tion \1ithin g r oups , t hen it is possible t o th e discrim-

inant function variate as having a normal di s tr ibu tion within gro ups , 

with mean value s y(l) and a nd that the deviation o[ an individual 

discrimiuant score from each of tli e group mea!:s can be r ega rd ed as a 

unit - normal deviate o r z scor e 

z = Y:-.i0-J_ 
y /V(y) 

If a cdtical or cuttin g value y i s d t t e r mi ned , the pr oporUon of mis--c 
classifi ca tions can Le fo und by convertin g y to a z score as above fo r c 
both o[ th e two gr oup mean w ight d va lues . 

Le t v be a partic ular va lue of th e dis c r imination fu nc tion , c 

fallin g be tween th " t.,..-o group means y(l ) and y(2) as shown in Figure 1. 

If every ind ividual even t havin 5 a discrimi n.::mt- functi on value l ess th a n 

ye we r e class ifie d into gro up one , the proportion of events ac tually 

belonging to group two th a t would L misclassifi d by bei118 assigned 

to group on wo uld be r epr s nt d by th shaded area und r th curve 

l ef t of y . To de t rrnine thi s proportion , y is transformed to z- sco r e c c 
form by 

y -y( 2) c zy = - - --
V (y) 

ER O F KLAHOM 
Y 
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G• oup I Gr oup 2 

; tt) Ye .i ( 2 ) 

Group I Group 2 

Fi gur 1. Sc hema tic dia gr;:im of di s t r ibu t i o!l o: 
disc r imina nt f unction sco r es in t wo g r oups showi, 6 e r r or s 
o f mi sc l assif i cation . ( f r om Ove r a l l and Kle t t , 197::'. ) 

The a r ea in t he s ma l l e r portion of th e unit-normal curve c rresponding 

t0 z can be r e f e r e nced in a z- score t abl e foun d in mos t stR t is ti c y 

books . The value o f t he sma lle r ar a pr ovides a n e s tima t e of the pr o-

po rtion o f event s from gr oup t wo t ha t woul d be in correctly c l ass i f i ed 

as be longing to g r oup one . I f p ( 2 ) r ep r es ent s t he p r oba bi l i t y of rnis -e 

c l assificat i on f o r event s in gr oup t wo , t hen the prob ab i li t y of cor r ectly 

classify i ng an event f r om g r oup two by us i ng y as a cu tting po i n t will c 
be 1-p ( 2) , o r the a r ea in th e l ar ge r port ion of th e c urve cor r es ponding e 

to z . The val ue o f the a r e a in the l arge r portion of the cu r ve i s als o y 

us ually lis t ed i n z- scor · tab l e s . 

I n a simila r mann r the of mi s class i fying an ev n t 

fr om gr oup one usin g t he cut t i ng va1u 

new z y 

y -y(l ) c z 
y r1 V (y ) 

y can be calc ul ated by us ing a c 
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The probability of misclassifying an event from group one using y as a c 
cutting va lue is the shaded a r ea under the curve t o the ri ght of y , c 
whi ch can be found in the z- scor e t ables . I f this probability of mis-

classifica tion is ca lled p (1) , t he probabi l ity of cor r ectly classifying e 
an even t is e qual to t he a r ea und e r the l a r ge r port ion of the curve , or 

1-p (1). e 

It is possible to ma thematically cal culate cu tting points which 

are optimal in one sense or ano the r . Fo r practic2l purposes , y can c 
often be deter mined by a trial and e rror me thod by which the probability 

of misclassification s hould be minimized . Furthe r , the relacive numbe r 

of individuals expec ced t o belong to t he t wo populations studied may 

also be an import a nt co11sid era tion, since the actual numb rs of individ-

uals misc l assified will be eq ua l to the probabili t ies of 

times the r c l a tivc numb c r s in !:he two populations . Such conside r a tions 

t end t o be hi ghly subjective , so that an es timate of the proportions 

correctly a nd in correc tly clas sHLed from each gro up should be availabl1.: 

for any particular cutting point chosen by an investigator . Unless the 

samples a r e quite large , it i s also unnecessary co ac t empt to place 

cutting points so as to absolu t e ly minimize rrors of classification in 

the particula r samµl s , becaus this involves t oo much emphasis on a 

f ew ext r eme c2ses . 

In vi w of th above di scussion, t he cutting point for earth-

quak s and other s hort event s was cho en mLdway bctwe n the two 

weight d group means y ( l ) :rnd y(2) . Althou gh the probability th a t a 

short period even t will not be an ear thquake much larger than that 

of it being an arthquake , the sa1 !pl es a Ye perhaps coo small to at e pt 
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a ffecting y with sur.h consid e rations . c 

A t est for significance of difference in mean discrimin3nt- func-

tion scores can be made us ing the F t es t . The with in gr oups variance 

V(y ) can be used as wh a t is known as th e Maha l anobis D2 , wh i ch can be 

r e lat ed t o t he F distribution und e r th e assump tion that th e seve r a l 

origi na l variab l e measurements have a multivariate norma l di s trib ution 

within t he populations from which samples were dr ::iwn and th a t he vari-

ance- cova r iance matrices a r e eq ua l for the t wo populations . These assump -

tions a r e mult i va ria t e gene r alizations o[ the usual parametric assump -

t ions of nor ma l ity and homogeneity of variance in th e univariat ana l ysis 

of va r iance . Given t hese assumptions , 

F 
nl n2 (nl+n2 - k- l) D2 
k(n1-1-n 2) (n1+n 2- 2) 

2 wh e r e D = V( y), n1 n2 aL e s2mple sizes of t he t wo groups , and k i s 

the numbe r of va r iables n t e rin g in t:o !.:i1e discrimi n.:rn t func t i on . The 

statis ti c F is giv _n in t ables of the F dis t ribut ion wi th I: a nd n1+n 2- k-l 

degr ees of f r eedom . The F d i stribution is us uall y li s t ed a t confidence 

l eve l s o f . 95 a nd . 99 , th e l at t e r having a l ower F score value . The F 

st a t ist i c is used by ralcula t ir16 the F score as above , finding the c riti-

cal F va lue fo r th appropriate degr of fr eedom a nd 1 v 1 of confi de nce , 

and seeing if the c lculared F score is larg r th an or l ess th ::in th e 

critical value . If the calculat d f ucor exceeds the critical score , 

t he two mea ns ar no t s i gnificantly di[fcr nt . 

Ano t her sta t istica l measure th a t i s u cful is th e samp l e cor r e-

l ation coeff i c ient r . The corre lati on coe ffi cient can be d fin 2d as 

r = - x _;_' __ _ 
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Th e corre l a tion coefficient measures how a linear co rrelation fits 

two vari ab l es x and y . The max imum value for r is l for perfec t corre -

l a tion , and is 0 for no correlation whatsoever , or r andom sca tt e ring . 



CHAPl ER IV 

Met hod 

Outline 

The basic method used in tl1i s study was to measure e i ghteen var-

iables on several samples from the population s of earthqu3kes and other 

short period even t s . The eighteen v ariables , Pg period , Sg period, Pg 

amplitud e , Sg amplitud , duration, and coda l ength measur d on the three 

seismo gr ap hs SPZ, SPE, a nd SPN , were r educed to fjfteen by th e 

of the Pg to Sg maximum amplitude r a tio , and late r jncreased ba k to 

eigh t een by the computation of Pg t o Sg ampli tud e ratio , coda length , and 

duration foi.· SPll , a horizontal v cto r summed component of the individu c:t l 

horizontal variables calcula t ed by th e square root of the sum of squares 

of the variable values on SPE and SPN . Th _ v2riab l s fo r SPE and 

were ke pt for th pos s ibility th2t direction mi ght be a n com-

ponent of disc r imina tiun , and SPl! was us e d or the possibility th at a 

non-d i r _c tion a l vari ab l e might be better . 

Durat ion and coda 1 n th w re measur d usin g r:h e positiori at 

which t h e ve11t signal last dropp ed twic0 the av rage noi se lev 1 

det ermi11 d within two minutes be o r e the firs t arrival . Thes e mea s ure-

ments are perhaps Slllij 'C: t iv - i · ha s t. o h Ul' c id d by the m 'Cl.S urer if 

the position being m>asu r ed is art o f the vent be ing 

or if it is a hi gh amplit•!dt' r<i:tdo:n or unr lat ed signa l. Cvda 1 ng lh w, s 

22 
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measured afte r the arrival of th e Sg phase ; duration was wcasured af t r 

th e fir s t arrival of any P phase . 

The P and S measurements we r e r es tricted to the Pg and 

Sg phases , as these a r e t he only phases to be found on most of the short 

period events that are not earthquakes . Althou gh the des i gnated Pg 

Sg phas es have not travele d in o r been refract ed from the gran i tic crust, 

thi s t e rm was used to signify travel in a ll layer s above the Mohorovicic 

Discontinuity . The amplitude meas ur ed was the maximum peak-to-t rough 

amplitud e for both th e P and S phases . Pos s ible e rror in thi s measu r ement 

r esults from l ong period noise present on some days . 

The period measured for the P and S phas s is t he on e th a t seems 

domina nt . Of course t he dominant period can only be accur a t e l y de t e r min ed 

from a Four.i r spec trum a.-ialysis , bu t. tne µt!riods nieasuce<l should r efl c t 

the act ual valu e . In the case whe r e a wnvc wa s present, the 

average pe riod was usec . 

Due t o the proximjty of many of th e s hort pe riod •v _nts and th e 

us ually small amplitude of the S phase for the s hort pe r iod e vents th a t 

we r e not in t he ea rthquake group , the maximum S amplitude measur d was 

us ual l y actually the amp litude o r th e surfac waves . Pe ri od m as urem nt s 

on t he S phase were done in a similar m,nne r . 

It may a t first se m th a t in makin g a vec t o r s um of the hor izon_al 

s e i smograph me8s urem nt s for coda l e ngl h and du ration t ha t on l y time is 

being summed that thi s s um ha.s no physical meaning . Thes v c tor s ums 

we r e done th thoughts that the meas ur ements of coda l eng th a nd dur-

ati on we r made usin g amp litud e and th e north-sou th and eas t-west 

seismographs m asu r only ort hogonal parts of the t otal hori zon t al amplitude 
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that would be measu r ed on a t heor2tical seismogr3ph with its seismome e r 

orien t ed in the direction cf max i mum ampli t ude , that is , eithe r in 

with th e horizon t a l direc tion l ine t o a n event fo r comp r ess ional waves 

or pe r pend icula r to such a line for shea r waves . I E r andom no i se is 

assumed , the noise measL?red on this theor tic c:i l hori zontal sei srnome e r 

would have th e sarr.e averc:ige ampli tude as the nois e on the individual 

north-south and e ast-wes t seismome t e r s . Signal amplitud e s f rom the 

north- south an d ast - wcst s e ismo gr ams s hould add vcctorally t o the value 

on the theore tical sei smogr am . Thus, although th e L?ni t s be ing added 

in the vector-sum a r e time unit s , the cone pt of coda l e ng th and duration 

being functi ons of the amplitude give the summa tion some phys ica l basis . 

The SPZ, SPE, an<l SPN seismographs c:ill use 15 k g . Benioff 

s0ismomcl e.rs wit h a na tural pe riod of 1.0 s econds . Th e ir ga lvos have 

a na tur a l period of 0 . 75 second s . The se ismograms a r e made on 60 mm . /sec . 

photo paper. Magnifi ca tion is 100,000 at 1 . 0 seconds , and 160 , 000 a t 

0 . 6 s econd s , as is seen in Figure 2 . Only the r.iagnification c urve for 

SPZ is show:1, but the r es?onses of SPN and SPE are v r y similar. 

Th e h igh pc:iss characteris ti cs of Lhe s e i smome t e r and the low pass cha r-

acteristics of the galva nom t e r filt e r the signal so that the r espons 

of th e short period se i s mog r aphs emp has ize t e l.es i sms , mec:in ing the pass 

band for the seismog r a ph s is mainly for 1-3 Hz signa l s . 

Th e da ta for Lh e ea rthquakes and oth •r ev ·nt J s lis t e d in 

Appendix A. Although the arrival times [or all discernib}e phases 

r ecorch d on the original data s hc -" ts, s pace limitations do not permit 

lis t ing cf all data . Th times th a t are lis t ed will per it location f 

th e e v nt being n as ur d on th TUL r eco r ds . 
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After d ta had been ga thered , it was record ed on mag11ctic tape 

f o r use with a desktop compute r, so that cfficicn 

and r epeat e d access of the data would be poss ible . Initial work 

the data involved plotting one variable ve r sus anoth e r using a computer 

controlled plo t t e r i n a n attemp t t o de rive som sort of dis-

criminant. Th e r esul ts of t his a t tempt we re not totally satisfactory , 

but some i n t e r esting da t a featu r es were obse rve d which will be discussed 

in t he Res ults sec t ion . 

A tailored prog r am was wr itten for t h is st udy utilizing t he 

Hewl e tt-Packard 9825A . Afte r the mult i variate dis criminant program 

was deve l oped, va r io us discriminants we r e de r ived as is discussed i n 

the Res ult s section. Othe r seconda r y f eat ures , s uch as corre lation 

coefficie n t s for diff e r nt were also de riv d , as is also 

dis cuss d in th e Resu lt s section. All. comp u ter pro grams used in th i s 

s tudy are lis t ed i n Appendix B. 

Othe r fac t o r s involved i n perfo r ming this s tudy arc Ll 1c 

by wh ich the ea r thquakes studied we r e o r iginal l y dc t e r raineci , the method 

of se l ec tion of other sho r t pe riod events meas ur ed , and the problems 

encountered i n data meas ur ment . A description of th es factors fo llows . 

Determi nat i on of Earthquakes 
Id entifica tion of th 1976 Jo cr:i l arthquakes in Okl.'.lhoma us ed 

in th is study was done by Dr . Jim Lawson . An elaboration of his me th ods 

fol lows , 2nd wa s given in a p rsona l communicat-ion . It is assumed 

th rou gho ut this st udy tha t th f'se v nts are true n.'.ltural earthquakes . 

Id en tific a tion of th e a rthquak "'S in Ok ahomn occurring in 1976 

that were us ed in this tud y was don e mainly by their .'.lppeRrance on th 
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HPZ s e i smogr 3ms . The HPZ , or high pas s vertica l, seismog r aph is run from 
a similar s e i s mome t r as th one fo r SPZ , but r eco r ds a t 90 mm . / se.c . by a 
visible heatwriting method . Magnifica tion i s 35, 600 a t 1. 0 sec . , and 
250,600 at 0.33 s ec . as is see n on Figure 2 . 

The signals r e corded by HPZ emphasize the short pe riod diffe r ences 
be tween bl<ists and ear thqua ke s . The amplitude s o f s hort e r pe riod s a re in-
creased by abou t an order of ma gnitud e . Ea rthqua ke codas ar e much longer 
due t o their fr e qu en cy content . On HPZ , the amplitud e of a 5 Hz signal 
is about 5-6 time s as l arge as tha t of a 1 Hz sign a l . The r a tio of a 

5 Hz signal to a 1 Hz signal on the regular short pe riod s e i s mo graphs i s 

only about 2. Felt earthquake s have exhibited al l the se chara cteristics . 

A very short period vertical (VSPZ) s e ismograph start ed ope ration 
at TU L in Feb ruary , 1976 . This is a narrow pass band s e ismog raph cent e r ed 
at about 16 Hz . If the phases of an event a r e ve r y clear on VSPZ , the 
event i s probably an earthquake . Comparison of th e r esults us ing VSPZ 
with concurrent HPZ seis mograms indicates tha t the r e liability of form e r 
des ignation of ear thquakes using HPZ only is high . 

Othe r s ub sjdiary me thods for a f ew of th e e a rthquake id ntifica tions 

been used also . Que is that the e pice nters of e a rthqu a ke s , whe n 

they can be loca t d, do not occur near quarries . Two of the e arth-

quakes in 1976 were not us ed j_n the study as the y a ppeared t oo s mall on 

the seismogr a m to be ac curately meas ur d . Th e s e car thqua k s we r e known 
only from felt r perts from r e lia ble s ources . Thi s s ugges t s th a t some 
earthquakes in Okl ai1oma may go unnoti ced a s th e y a r e too small to appear 

on th a nd occur in s pa r se l y pop ul at d a r as . The avera gr 

fr eque ncy of a r hqua k s in Okl ahe>ma m y thu s be substantially L:irge r 
tha n the r ound fi gur of 30 t ha t i s suggested by 1976 earthquak figures . 
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Sel ect ion of Other Short Period Events 

Short p riod event s other than earthqua ke s , r efe rred t o in thi s 

study as r andom vent s , pseudo-random event s , and other •vents , we r e 

s elect ed in a pseudo-random fashion . Random hour numb e rs betw e n 0 a nd 

23 ( inclusive ) we r e gen r a t e d using a H wlett-Packar<l 9825A desktop com-

pute r pse udo-random numbe r gene r a tor f unction . The pro grAm works 

using a " seed " up on \vhi c h the r ar:dom numb e r gene ration bezins . Seven 

sets of r a ndom numb e rs t o be us d for hours in a day were made using 

s eed numb e rs of 623 , 4893 , 21 , 53 , 5376 , 453 , and 108 . 

Pseudo-random numb r s from 1 to 12 we r e a l so ge nerat ed for mon th 

sele ctlon . The see d numb e r was 253 . 

The ps e udo-rand om hour s were use d on 30 consecutive <lays in a 

pseudo-ra ndom mon t h . The first event havin g meC:isurable parm.:eters occur-

rin g after the r andom hour was used fo r data . If no event or.curred 

with i n the day af t e r th e des i gna t ed hour, no da t a was taken for that 

day. If an eve nt appeared measurable on one of the short per iod 

seismogr ams , th e event was s ear ched out and measur d when possible on 

the othe r seis mo gr ams . 

It was decid ed that the data from two mon th s \lould he s uf fici e.nt 

for s tudy . As the fi r s t two random month nureb e r s g n rated wer ' 9 anrl 

5, the month s of Septembe r and May were used . In addition , six event 

of int e r est we r e used in the lis t of s hor t riod events oth r than 

ea r thquak s ; th s e event s a r e c 11 d addjtional eve nt s 1sewhe r in 

th is pare r . 

Examp l es and Prob ems in Data 

Some of the 1976 arthqu.:ik s m0as ur e wc r c:le a r l.y ident if i a bl e 
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as ea rthquakes due to high f r quency content , s hape of signal , and s e p-
aration of phases. An example of this t ype of event is the earth-
quake occurring on Dec ember 19, 1976 . The SPE record of thj s ev nt 
appears in Figu r e 3 . Even though t he r e i s high ampli tud e low 

nois e present on this day, the high freq uency signal clear ly shows thi s 
event to be an earthquake . The HPZ r ecord of thi s even t as r ecorded at 
TUL is shown in Fi gure 4 . The low frequ e ncy ncise is fil t ered out on 
this seismogram , and the even t is even more clearly identifiabJ e as 

an earthquake . Note the long coda l ength and dura tion of this event 

on HPZ. 

Anothe r example of a good earthquake i s shown in Fi guce 5 . This 
earthquake occurred on March 16, 1975 i n Mcintos h County , Oklahoma at 

an origin time of 07:39:45.3 u:c (Lawson e t al , J 977) . Again , no t e the 
high fr e qu ency content and clear separation of phases . Also t yp ica l of 
earthquakes is the s hape of th e Pg and Sg coda , which appear to have an 
inverse exponential decay . (S ee also He rrmann , 1975) 

One earthquake which showed va riable measure me nts wa s 
the on e occurring on Mdrch 30 , 1976, whose SPZ r e cord is shown in Figure 
6 . No t e the low, ir r egular J nd irre ular of the sig-
nal . This event occurred quite a di stance away from TUL, but th e l ab 1-
ling of this ev nt as an ea rthquake i s s ubstantiat ed by felt r epo rt s . 

The record shown in Figur 7 is one of th e ps udo--random event s , 
thi s one occurr i ng on Sep t embe r 6 , 197 6 , during low noise conditions . 
This ev nt clearly shows th e typical app 0 a r ance of su r fac wav s and 

th ir normal disp r sion . The Pg wave has a low amp litude comnar d to 

the larger surfac wave amplitude , r s ultin g in a l ow P/S mplitu e ratio . 
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Figures 8 and 9 show t wo di ffe r en t s ho rt pe r iod of 

an e v e nt, probab l y a quar r y b l as t. Th e SP Z r ecord , shown i n Figu r e 8 , 

also s hows h igh amp l j_ t ud e , norma l l y di s pe r sed s urf a c e wa v e s . No t e the 

irregula r s h a pe of t h e signal . Figure 9 shows the SPN r e cord of t he same 

eve nt . The ap p ear a nce of t he su r face wave s is similar t o t hat in Figure 

8, but t he s hap e o f t he s i gnal i s d i ff e r ent . A l ow Pg t o Sg ampli t ude 

ratio i s a l so a pp a r e nt f r om the se two f i gu r e s . 







CHAP TER V 

Resul ts 

Discri mi nants 

The comput e r progr am used jn discriminant comp uta t ion 

was desi gned s uch that the f unction could be calcu l ated with (1) missing 

variable values r ep laced by variable group means and (2) even t s with one 

or more missin g vari able values dele t e d f r om comp ut a tions . In ei the r 

case , the means us e d in calcula tions we r e compu t e d using the maximum num-

bc r of ob e rsvations poss ible , s ince the arithmetic mean approaches the 

true popula tion rn2an as the numb e r of samp l es ge t s larse r . 

F scores that will be usef ul for compar i son with computed values 

are given in Table 1. 

Table 1 

F Scores Used in Stud y 
F k n +n -k-1 95 % Con fi <l cr'.c 99 % Coniidence ' 1 2 

Fl 78 3.96 6 . 97 
' 

F2 77 3.12 4.89 
' 

F3,76 2 .7 3 4 . 06 

F4 75 2 . 49 3 . 58 
' 

F5,74 2.34 3.27 

F6,7 3 2 . 22 3.06 

F9,70 2 . 01 2 . 67 

Fl0,69 1. 97 2.59 

38 
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As a pr liminary t est for finding which c f the eight e n variables 

under consideration we r e the bes t individual discriminants, the discrim-

inant program was run on each variable . The r es ult s of this are 

shown in Tables 2A and 2B . Based on this t es t , the rank of the variabl s 

as a s ingl e discriminant, in desc endin g order of importance, are snown in 

Table 3 . 

Tab l e 3 

Ra nk of Sin gle Disc rimin ants 

Rep l aced with means list Deletions list 

1. Ts, SP E 1. Ts , SPE 
2. Ts, SPZ 2. Ts , SPZ 
3. Ts , spr 3 . Ts , SPN 
4. Tp, SPN 4. Tp , SPE 
5. Tp, SPE 5. Tp , SPN 
6. Tp , SPZ 6. Tp , SPZ 
7. Dur., SP 7. Dur . , SPN 
8 . Dur., SPH 8. Dur ., SPH 
9. Dur., SPE 9. Dur ., SPE 

10 . P/S, SPZ 10. Coda , SI' H 
11. Coda , SPH 11. P/S , SPZ 
12 . Coda , SPE 12 . Coda , SPE 
13. P/ S , 1 3 . P / S , SP 
14. Coda , SPN 14. Coda , SP 
15. P/S, SPH 15 . P / S , SPH 
16 . P /S, SPE 16 . P/S , SPE 
17. Dur. , SPZ 17. Dur . , SPZ 
18. Coda , SPZ 18 . Coda , SPZ 

The combination of the t op t e n variab l es (t n being the maximum 

numb r o- variab l s allow d in th e discriminant progr a m by memory limi-

tat ions ) on the replac d with rn ans li s t gives z=l . 48 and J3 . 92 . This 
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TA BLE 2A 

STATISTICAL RESULTS US ING REPLACED MEANS f·1ETHOD 

Other Short 
Earthqua kes Per iod Ev ents 

Stand ard Standard 
Variable Mean Deviation Mean Dev i at i on z F 

Tp, SPZ 0.37 0. 16 0.59 0. 19 0.60 25 .44 

Tp, SPN 0.29 0. 11 0.56 0 .1 8 0. 83 49.38 

Tp, SPE 0.32 0. 14 0.55 0. 14 0.81 46.92 

Ts, SPZ I 0.34 0.20 0. 77 0.26 0.90 58 .08 

Ts, SPN 0.30 0. 12 0.64 0.22 0. 85 52. 21 

Ts, SPE 0.29 0. 15 0.65 0.20 0.97 67.07 

P/S, SPZ 0.61 0.33 0.36 0.21 0.48 16. 67 

P/S, SPN 0. 19 0. 17 0. 41 0.30 0.41 12.28 

P/S, SPE 0. 16 I 0. 10 0.34 0.35 0.30 6.60 

P/S, SPH 0. 18 0.18 0.35 0.27 0.33 7. 60 I 
Coda, SPZ 62.8 60 . 2 49.3 21.6 0. 18 2. 29 

Coda, SPN 83.0 62.0 52.3 23.9 0 . 39 10.85 

Cocia, SPE 97.3 76. 8 54. 8 27.2 0.44 14. 04 

Coda, SPH 128 . 2 82 .0 76.4 35.2 0.48 16.55 

Dur., SPZ 82. 9 71. 5 57 . 4 21. 9 0.29 6. 19 

Dur., SP N 105 .7 58.6 60.8 25.3 0.58 24 . 31 

Dur., SPE 121 . 0 85.9 64.0 27. 8 0.54 20 . 98 

Dur., SPH 155 . l 88 .9 89 . l 36 . 5 0.57 23.45 
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TABLE 28 

STATI STIC/\L RESULTS USirlG DELETIO. METHOD 

Other Short 
Earthquakes Peri od Events 

Standard Standard 
Var·i ab l e Mean Deviation Mean Dev i at ion -, F L. 

Tp, SPZ 0.37 0. 16 0 . 59 0. 20 0. 57 I 23 . 20 I 
Tp, SPN 0.29 0. 12 0.56 0. 19 0. 77 42 . 10 I 

I Tp, SPE 0.32 0. 14 0. 55 0. 15 0. 77 42 . 45 

Ts, SPZ 0.34 0.20 0. 77 0. 27 0.87 53 . 95 

Ts, SPN 0. 30 0. 12 0.64 0.23 0. 82 48 . 18 
I Ts, SPE 0 . 29 0. 15 0.65 0. 21 0.94 63 . 31 

P/S, SPZ 0. 61 0. 35 0.36 0. 25 0. 43 13. 40 

P/S, SPN 0. 19 0. 19 0.41 0. 31 I 0.39 11. 07 

P/S, SPE 0. 16 0. 10 0.34 0.36 I 0.29 6.08 

P/S, SPH 0. 18 0. 19 0.35 0. 29 0. 31 6.81 

Coda , srz 64.2 49. 3 22.6 I 0. 17 2.07 

Cod a , SPN 83.0 64 .6 52.3 24 .9 0.37 10. 02 

I Coda, SPE 9' ') I • J 80.0 54. 8 28.6 0. 42 12.83 

Coda, SPH 128 . 2 89 .5 76. 4 37.0 0.45 14. 69 

Dur. , SPZ 82 .9 73.0 57.4 23.;( 0 . 28 5.E5 

Dur., SPN 105.7 67. 2 60 .8 26 .3 0.54 21. 2 

Dur ., SPE 121 . 0 91 . 5 64 .0 29.4 0. 51 18 .67 

Dur., SPH 155 . 1 101 . 9 89. 1 38.6 0.53 20 . 01 j 
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mear.s that th e re is a 93 . 1% chance of corr ec tly classifyjng an event . The 

weight ed means for the two gr oup s of eart hquakes and other short period 

events a r e significantly diffe rent since 13 . 92 exceeds both 1 . 97 and 2 . 59 . 

This di scriminant will be called the Maximum Discriminant i n ensuing dis -

cussion . The weighting coefficients fo r the Maximum Discriminnnt a r e : 

Ts, SPE : - 4 . 8748 , Ts , SPZ : - 2 . 2731 , Ts , -1 . 4274 , Tp, SPN : - 6 . 890 3, 

Tp , SPE : - 2 . 1963, Tp , SPZ : -1. 2892, Dur ., SPN : 0 . 0785 , Dur ., SPH : - 0 . 03 98 , 

Dur ., SPE : 0 . 0139, and P/S, SPZ : 4 . 6935 . Tl weighted group fo r 

earthquake s is 0 . 8988 a nd for othe r short pe riod event s the is -7 . 8092 . 

The cutting value for no a priori expectations is the midpoint - 3 . 45 52 . 

A gr aph of the weight e d '1alues for the Di sc rimin an t versus Tp , 

SPZ, Tp , SPZ being arbitrarily chosen and used only to 1r.ak a two-dimen-

sional plot to allow c2sicr separ ation of the values for 

the two groups , is shown in Figure 10 . In this and al J foll owing g r aphs 

the x-axis is the horizonta l ax i s a nd th e y- axis is th e ve rtical . 

A dis c riminan t bas ed on the to p t en dis crimin a tin g var iables 

from the d l e tions li s t has z=l . 96 and This yields 97 . 5% chance 

of correctly classifying vents . This discr tmi na:1t will be called the 

Maximum2 values for Lhe raxiMU[t2 Discriminant a r e : 

Ts, SPE : - 8 . 3850 , Ts , PZ : - 1.9184 , Ts , SP1 : - 2 . 6279, Tp , SPE : - 4 . 86% , 

Tp , SPN: -3.1891, Tp , SPZ: - 3 . 36 24 , Dur . , SP 0 . 5200 , Dur ., SPH : - 0 . 4693 , 

Dur . , SPE : 0 . 4996 , .::ind Coda , SPH : -0. 2507 . The weir,h Led gr oup mean 

for is 2 . 8789 and fo r th e o th er short period ev nts the m an 

is -1 2 . 4506. Th cutting value for no a priori assumptions is -4 . 7858 . 

A plot of th e Di sc r iminan t v rs us Tp , SPZ is shown in Figure 11 . 

Since the co rr coeffici nts for SPE and SP are large 

(the exdct value of th se and othe r cor r l a ti on coef fici nts is given 







later in the paper; for Tp , Ts , coda l eng th, and du r ation , v lues for 

both seismographs and for SPH a r pe rh3ps r edund an t. Thus a disc r iminant 
for just one seismogravh mi ght be determined . For a 

whi ch will be called Discriminant A, using the va riabl,s Ts , SPN , Tp, 

SPN, Cod a , SPN, and Dur a t ion , SPN has a z- score of 1 . 31 and F=2 9 . 46 . This 
gives 90 . 5% chance of correc tly classifying an event . Discrjminant A2, 

calcul a t ed using only thos e events with full variable measuYements for 

those variables used in Discriminant A, has z=l . 63 and F=4h . 22 fo r 94 . 8% 

chance of correct event classifica t ion . Oth e r compu t ed fo r 

SPN and their r esul t ant t es t values are lis t ed in Table 4 . 

Weighting coeffic i en t s fo r Discriminan t A are : Tp , SPN : - 8 . 9811 , 

Ts , APN : -7.2043, Coda, SPN : -0. 0549 , Dur ., SPN : 0 . 0813 . The weigh t ed 

group raean for ear thquakes is -0 . 6968 and for other events -7 . 5094 . The 

cutting value midway between t hese two means is - 4 .1031 . A graph of the 

weighted values from the original data for Discriminant A is sho· ... rn in 

Figure 12 , where Tp, SPZ is once again used for the y- axi s . 

We i ghting coefficients fo r Discriminant A2 are : Tp , SP - 9 . 6613 , 

Ts , SPN: -8. 4926 , Coda , SPN : - 0 . 3658, and Dur ., 3P 0 . 3668 . The 

earthquake wei ght ed group raean is 3 . 0882 a nd for LI e otlt2r s hort pe rio 

events the mean i s -7. 6005 . The cutting value is thus -2 . 25G2 . A 

graph of weight e d values fo r Discriminant A2 versus T? , SFZ is s hown in 

Figur e: 13 . 

Applyin g th same proccd ur as outlined above [o r SPE and using 

Ts , SPE , Tp, S?E , Coda, SPE, nd Dur ., SPE for th e variabl s, z=l . 34 

and F=30.97, for 91 . 0% chanc of correctly cl3ssifying an ev nt . This 

discriminant will be call d Discriminant B. Weighting co ffici nts fo r 
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t his discriminant are : Tp, SPE : -9.8458, Ts, SPE: -9.5955, Coda, SPE: 

-0. 0719, and Dur., SPE : 0 . 0793 . The weighted group mean for earthquakes 

i s -3. 3212 and for other short period events it i s -10.4845. The cutting 

value for no a priori expectations is -6 . 9028 . A plot of Discriminant 

B versus Tp, SPZ is shown in Figure 14. 

Discr iminan t based on variable values for the events with 

full var iables readings has z=l . 58 and F=43.35 . This yields an estimate 

of cor rectly classifying an event of 94 . 3%. The weighting coefficients 

for Discriminant B2 are: Tp, SPE : -9 . 1462, Ts, SPE : - 11 . 6417, Coda , 

SPE : - 0 . 3225 , and Dur ., SPE : 0 . 3061 . The weight e d mean for the earth-

quake gr oup is - 0 . 6206 and for the other short period events the mean is 

-10. 6463 . The cutting value for Discriminant B2 for no a priori assump-

tions is the u1idpoint - 5 . 6334. A graph of the weight ed obse r -

vations fo r Discriminant B2 ve rsus Tp, SPZ is shown in Figure 15 . 

Running discriminant t e sts for more or less than the above four 

variab l es has not been done. This is due to the example of the tests 

fo r SPN , where it was seen tha t Tp , Ts, coda l ength and duration com-

pose t he bes t compact discriminant . 

As P/S, SPZ exhibits a relatively good discriminating power in 

contras t t o t he horizontal seismographs ' P/S amplitude ratios, it will 

be considered necessary in forming Discriminant C for seismograph SPZ. 

Us i ng Ts , SPZ, Tp , SPZ , P/ S , SPZ, Dur . , SPZ , and Coda , SPZ, z=l . 26 an<l 

F=21. 66. This gives an 89 . 6% chance of correct event classification . 

The weighting coefficients for Discriminant C are: Tp, SPZ: 

-7.1299, Ts , SPZ : - 6 .3221, P / S , SPZ: 3.5204, Dur., SPZ: 0.1041, 

and Coda, SPZ : -0 . 1074 . The weight ed group mean for ea rthquakes is 
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-0.7637 and for other short period events, -7.1058. The midpoint of these 

two means, and thus the dividing point, is -3.9348. A graph showing 

the efficiency of Discriminant C is shown in Figure 16. 

Other combinations of SPZ variables use d in forming discriminants 

using the replaced with means method for missing variable measurements 

are shown in Table 5. From observing these di f:3 criminants it seems tha t 

all five of the variables used in Discriminant (; are necessary for form-

ing a good discriminant . 

A discriminant based on the method of deletiGg events with one 

or more missing variables using the same variables as used i n Discrim-

inant C will be called Disc riminant C2. Discriminant C2 has z=l.32 and 

F=23.72 for 90.7% chance of cor r ec t event classif ication. The weighting 

coefficients for Discriminant C2 are: Tp, SPZ: -7. 281 7, Ts, SPZ: 

-6.1930, P/S, SPZ : 2.3475, Coda , SPZ: -0. 2155 , and Dur ., SPZ: 0.1971. 

The weight ed earthquake group mean is -0.5 649 and the mean for other 

short period events is -7.5108. The cutting value is -4.0379. A graph 

of Discriminant C2 versus Tp, SPZ is shown in Figure 17. 

It thou gh t that since dominant period measurements are per-

haps the most subjective of the variable measurements, although relative 

dif fereaces between earthquakes and other short period events are un-

disputable , that a discriminant, herein called Discriminant D, based on 

less subjective variables could prove interes ting and might be more 

meaningful quantitatively. Discriminant D, based on P/S, SPZ, P/S, SPE, 

P/S, SPN, Coda, SPZ, Coda , SPE, Coda, SPN, Dur., SPZ, Dur., SPE, and Dur., 

SPN has a z-score of 1.04 and F=7 . 85 for 85.1% correct classification of 

events. The weighting coefficients for Discriminant D are : P/S, SPZ: 
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5.7621, P/S, SPE: -2.4644, P/S, SPN: -0.7557, Coda, SPZ: -0.0364, 

Coda, SPE: 0.0181, Coda, SPN: -0.0352, Dur., SPZ: 0.0083, Dur ., SPE: 

0.0198, and Dur., SPN: 0.0400. The weighted group me an for eaLthquakes 

is 6.8440 and for other short period events the mean is 2.4847. The 

midpoint derived cutting value is 4.6643. A graph of Discriminant D 

versus Tp , SPZ is shown in Figure 18. 

A discriminant based on the variables used in Discriminant D 

but using only even ts with ful l variable measurements has z=l.47 and 

F=l5.59. This discriminant, called Discriminant D2, has an estimated 

efficiency of 92 . 9% in correctly classifying individual events . The 

weightin g coefficients for Discrim]nant D2 are : P/S, SPZ: 2 . 9908, 

P/S, SPE: -2.5711, P/S, SPN: -0.0017, Coda, SPZ: 0.2796, Coda, SPE: 

0.2345, Coda, SPN: -0.8175, Dur., SPZ: -0.3643 , Dur., SPE: -0.1440, 

and Dur ., SPN: 0.8103. The weighted group mean for earthquakes is 

11.9078 and for other short period events, 3.2453, g]ving a cu tting value 

for no a priori expectations of 7.5765. The efficiency of this dis-

criminant is demonstrated visually in the graph of weight e d values 

for Discriminant C2 versus Tp, SPZ shown in Figure 19. 

Other combinations of less subj ective variables in forming dis-

criminants are shown in Table 6. From this table it is seen that only 

the corubination of nine variables us ed in forming Discriminant D has any 

real usefulnes s in practical work. 

Other Results 
Some of the graphical discriminants did seem to show signs of 

reasonably gooJ discrimination . For example, Figure 20 shows a graph 
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of S period, SPN versus P/S amplitude ratio, SPN. A line drawn from the 

0.6 second mark on the period axis to the 0.6 amplitude ratio mark would 

capture most of the earthquakes in the lower left part of the graph . 

Most of the better discriminants involved the usage of a period , and the 

main separation of even ts seemed to be linear perpendicular to the period 

axis. A line drawn at the 0.3 second P period, SPN mark on 

Figure 21 would capture most of the earthquakes in the lower part of the 

graph, for example . 

Another trial discriminant is shown in Figure 22. This involves 

the plotting of a heuristic variable called the total product, which is 

the product of the Pg period, Sg period, P/S amplitude ratio, and coda 

length on a particular seismograph. It was thought at the time this type 

of graph was first made that Pg period, Sg period, P/S ampli tuJe ratio, 

and coda length were the only variables expected to have any significance 

in discrimination, a false presumption according to the quantitative 

results already shown. As is seen in the graph, earthquakes seem to 

cluster in the lower left portion of the graph. One can see that this 

and the other graphical discriminants discussed above provide some dis-

crimination but is not as selective as the quantitative discriminants 

eventually 

Table 7 lists the correlation coefficients computed in this study. 

Some of these relations are shown graphically in Figure 21 and Figures 

23-27. 

Coda length, SPE versus coda length, SPN shows good correlation 

with r=0.88. This is not too surprising, and suggests that the coda 

length for one seismograph could substitute for the other in case of 
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TABLE 7 

VARIABLE CORRELATION COEFFICIENTS 

Variable Variable 2 Correlation Coefficient 

Tp, SPE Tp, SPN 0. 81 

Ts, SPE Ts, SPN 0.89 

Coda, SPE Coda, SPN 0.88 

Dur., SPE Dur., SPN 0.98 

P/S, SPE P/S, SPN 0.67 

p /S' SPZ P/S, SPH 0.31 

Tp, SPE Tp, SPZ 0.60 

Tp, SPN Tp, SPZ 0.69 

Ts, SPE Ts, SPZ 0.74 

Ts, SPN Ts, SPZ 0.69 

Coda, SPZ Coda, SPE 0.85 

Coda, SPZ Coda, SPN 0.81 

Dur., SPZ Dur., SPE 0.89 

Dur., SPZ Dur., SPN 0.86 
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destroyed or missing records. The correlation coefficient for P period 

on the two seismographs is 0.81, which suggest a similar substituting 

capabil ity for P period. S period, with a correlation coefficient of 

0.89, also exhibits a high substitutive power. These relations are shown 

in Figures 21 and 24 . 

The highest correlation coefficient computed was for Duration, 

SPE ve rsus Duration, SPN r=0 . 98 . This result strongly shows the 

similarity of the variable on the seismograph and r einforces the argu-

ment for no t using SPH . A graphical depiction of this relation is shown 

in Figure 25. 

P/S amplitude correlation on SPN versus SPE , shown in Figure 26, 

has r=0.67, which is r e latively low when substitution capability is 

considered . This low correlation is perhaps reflective of the effect 

direc tion has on th e horizontal seismographs, with l arger amp litudes 

occurring when the seismometer is oriented in line with or pe rpendicular 

to the azimuth vector to a seismic source . 

The r e lat ion be tween P/S amplitude , SPZ and P/S ampli tude , SPH 

is shown graphically in Figure 27 . The correlation for these two vari-

ables is rather low, as y=Q.31. The graph does however suggest a trend 

for earthquakes to have a higher P/S ratio on SPZ than on the computed 

SPH, and t he trend does appear to be somehow linear. 

More correlation coefficient results of interest not shewn 

graphically are the high correlations becween the vertical and horizontal 

seismographs for coda length and duration . This is not too surprising 

as one would expec t an event of long duration on one seismograph to also 

be of long dura tion on the other . The relations between periods 
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measured on the vertical and each of the horizontal seismographs show 

relatively high correlation but not hign enough for any 

possib le substitution. 

Some other relations resulting from graphical investiGations 

are in Figures 28 and 29. 28 is a plot of coda length, 

SPZ and coda l ength, SPH. The interesting feat ure of this plot is that 

the trend of the points, although apparently linear, is not one to one , 

and shows graphically tha t almost all of the even ts have a shorter 

coda length on the SPZ seismograph than on the vector- s ummed SPH. A sat-

isfactory exp lanation for this trend cannot be found , but fac tors such 

as a lower noise level on the horizontal seismographs could be causative. 

Anothe r possible explanation is that coda l en gth , SPH has no r eal meaning. 

A very conjectural r elation can be seen in Figure 29. This plot 

of duration, SPN versus P/S amplitude ratio, SPN best exhibits a trend 

seen on each of the three seismograph record s for the P/S amplitude ratio 

to decreas e as the duration increases. Explanations fo r this trend are 

again not known. 







CHAPTER VI 

Discuss ion 

In applying the discriminant method as develop ed one must con-

sider actual validity of the method and decide if the assumptions made 

in discriminant development are accept able. One of the the fi r st 

assumptions made in applying the mul tivariate method was that the two 

populations of earthquakes and other short period events have normal 

distributions about their means for the variables meas ured. It would 

seem that the se assumptions are reasonable, as Lhe events showed scatter 

above and below means with frequency decrease both ways. The other 

main assumption, that the variance-covariance matrices of the two 

groups are is probably more suspect although it is widely assumed 

in multivariate analyses. As the group of other short period events 

constitutes a wide range of possible sources, the variance migh t be 

expected to be larger in r e lation to the closed group of events called 

earthquakes. As was pointed out in the Theory section, however, studies 

making allowances for unequal covariance have not as ye t shown any 

improvement over those not making sucn allowances . Further, the discrim-

inants r esul ting from assuming equal covariance in this study show 

very good discrimination between th e groups, suggesting that either the 

assumption that the covariances are equal is valid or at leas t it is not 

critical in discriminant develorment. 
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One point about the discriminants developed that is perhaps dis-

turbing is that the discriminants determined from events having a full 

set of variable measurements consistently had higher z-score values and 

thus a higher expectation of correct classification of events than 

those discriminants developed with variable means substituted for missing 

values. This could be indicative of two things. One is that the sample 

of events with full variable measurements is so small that not enough 

variance is introduced to cause overlap in the two groups. The other 

is that by replacing the missing values with means so much variance is 

introduced that a reduction of efficiency in discrimination by more 

variable overlap in the two groups is caused. It cannot be easily 

decided which of these two explanations is correct. Replacing missing 

values with means, however, does allow the use of more variable 

measurements, and might thus give more realist ic or significant popula-

tion description. 

Anothe r point to be considered is the validity of the z-scores 

and the probability of correct classification that come from them. It 

should be realized that the z-scores are measures of the area under-

neath the standard normal, or Gaussian, curve for ordinates determined 

from the discriminants by assuming that the discriminant function 

weighted values have a normal distribution within the two groups, that 

the two groups have group means, and that the standard deviations of the 

two groups are equal and defined as the difference in group means, since 

it has been assumed that the variance-covariance matrices of the two 

groups are equal. Thus the z-score is an estimate of the effectiveness 

of di scrimination , and not an absolute figure. This is the best that 
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can b e d on e with a population s ample ; i n creasing the sample numbe r s hould 

give a be tte r estimation of the popula tion' s true c h arac t eris t ics . 



CHAPTER VII 

Test of Method 

A short t e st o f the multivariate discriminant method was performed 

on some possible natural ear thquakes as determined by E. Tryggvason (1964). 

Most of the events were r ecorded only SPZ and SPE with intermittent 

use of SPN. Discriminants based on the population samples from SPZ and 

SPE were therefore used in the test. The data for the events is listed 

in Appendix C. 

The spe cific discriminants used in the test were Discriminant 

B, Discriminant C, and the last discriminant in Table 6, which will be 

called Discriminant D3. This last discriminant is based on P/S amplitude 

ratio, coda length, and duration as measured on SPZ and SPE, and is designed 

to test the classification of an event into the class of earthquakes on 

criteria other than period . 

The list of wei ghted values for the nine events Tryggvas on ca lled 

possible natural earthquakes is shown in Table 8 . Earthquakes have weighted 

values above the cutting value for all three discriminants. It can be 

seen that all but one of the events is classified as an by all 

three discriminants, and that one ev ent which fails the t es t under Dis-

criminant D3 passes the earthquake identification t es t for the other 

dis criminants. A decision would have to be made by investigators whether 

to include this one event as an earthquake for further consideration in 

seismicity studies. 
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TABLE 8 

WEIGHTED VALUES FOR DIFFERENT DISCRI MIN AN TS 

Date Discriminant B Discri minant C Discri mi nant D3 

Aug. 11 ' 1962 -2. 1824 l. 3151 6.6239 
Sep. 7' 1962 -1.2135 3.1565 7.8371 
Oct. 23, 1962 -1.4740 -2.0105 7.2247 
Nov. 23, 1962 -0.4364 1.6247 5.8662 
Nov. 24, 1962 -3.6046 0.8587 2. 7719 
Feb. 2' 1963 -0.0820 2.7355 5.5414 
May 7, 1963 -2.2059 -1.5957 5.2388 
May 9, 1963 -2.0872 1.6816 6.2075 
Jun. 5, 1963 - l . 1891 1.4328 6.8576 

Cutting value for Discri minant B: -6.9028 
Cutting value for Discri mi nant C: -3.9348 
Cutting va 1 ue for Di scri mi na11t D3: 4.2613 



CHAPTER VIII 

Conclusions 

First and foremost of the conclusions reached in this study is 

that earthquakes and other short period events can successfully be dis-

criminated usin g simple measured variables. That the two groups of 

events are significantly different is evident from the figures in Tables 2A 

2B. Only one of the variables, coda length, SPZ, fails the F test at 

both 95 % and 99% confidence levels. Only three of the variables, P/S 

amplitude ratio, SPE, P/S amplitude ratio, SPH, and dur a tion, SPZ fail 

the F test at the 99% confidence level, but not the 95% confidence level. 

Discriminantion can be achieved at at least a 90% probability of correctly 

classifying an event by measuring a minimum of four variables, Pg period, 

Sg period, coda length, and duration, on either of the seismograms from 

the two horizonta l short perjod seismographs. 

Although higher estimates of correct classification can be ob-

tained by using more vatiables, the significance of such an increase, 

which is on the order of a few percent, is net very high, as the assump-

tions made in discriminant development cannot be rigidly supported. 

This suggests that a practical working discriminant to be applied to 

the short period seismograms recorded before HPZ started ope ration at 

TUL could be one developed for one of the horizontal seismographs,using 

four or, with the possible inclusion of P/S amplitude ratio, five var-

iables. 
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Some important facts brought out by this study are that the var-

iables tha t were thought most important in qualitative identification of 

earthquakes are also the most import ar;t in quantitative c lassificat ion. 

Pg and Sg periods on the three short period seismographs are the most 

effective discriminants and a re the main diffe rence in ear thqua ke and 

other signals. P/S ratio on the vertical short period seismo-

graph is also important, as was suspected b e fore quantitative evalua -

tions, but it is much less so than the periods. The fact that the coda 

lengths and durations as measured on the horizontal seismograms are 

significantly different between the two groups whereas the coda length 

and duration for the vertical seismomete r are not is also worth noting, 

as many stations operate using only vertical seismometers. This also 

suggests that in starting a seismic observatory it would be desirable 

to acquire and use one horizontal seismograph over the alternative of 

waiting for both or none at all. These findings are also important as 

seismic station TUL sometimes had in operation only one horizontal seis-

mograph during its early days. 



CHAPTER IX 

Future Work 
One of the first studies that would proceed where this study 

ends is to apply the discriminants to the seismograms recorded previous 
to May, 1972, when the HPZ seismograph started operation. Accumulation 
or cataloging of information on earthquakes found by such a study would 
greatly increase the knowledge of seismic activity in Oklahoma and the 
central United States. 

Another possibility for future work is for more measurement of 
variables for earthquakes and other short period events to sharpen and 
strengthen the discriminants. Any studies into an alternate method of 
discrimination would also be an appropriate topic for study. 

The use of multivariate discrimant analysis and statistics in 
general in this study has shown the desirability of such methods in 
geological and geophysical studies. Any other endeavor using these 
techniques is encouraged, as the benefits of quantitative analysis are 
such that they help shape the descriptive concepts widely used in the 
geosciences. 
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APPENDIX A 

Data for Earthquakes, Pseudo-Random 
Events, and Additional Events 

Following is a list of the data used in developing the multi-

variate discriminants. It should be noted that this is not a complete 

list of the 1976 earthquakes occurring in Oklahoma, as some were too small 

to be effectively measured for variables and one occurred on a day for 

which the records were accidentally exposed. Data such as Pn and Sn 

arrival times were also measured, but space limitations do not permit 

their listing. Also, arrival times were measured on the SPZ, SPE, and 

SPN seismograms for Pg and Sg for all events. Due to space limitations 

this data cannot be listed either, but the listing of the earliest 

first arrival for the other short period events should permit anyone 

to find the event that: has been measured. 
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measuremen ts for variables i and j, a nd k is the number of va riab les. 

When no va l ues are mis sing , the a b ove t wo forms of covar iance c ompu t a -

tion are e xactly equal. Error may be introd uced when x . or x . ha ve been 
1. J 

summed over di f ferent numb e rs with each group g . 

(3) The prog r am h a s been d esigne d spe cifica lly for the 80 event 

observations mad e in this stud y . To alte r the pro gram f o r more gene ral 

use a parameter E could be introduced, where E would b e the l a st number 

in group one. Replacement throughout the prog ram would b e done as fol-

lows: 

E replaces 26 in for, next loops, mean calcula tions, covaria nce, F test,etc. 

N replaces 84 in all similar uses 

E+l replaces 27 in all similar uses 

N-E replaces 58 in all similar uses. 

(4) The "SOLVE" subroutine for solving simult a neous equations was 

adapted from the Hewlett-Packard softwa re pac kage that comes with the 

HP-9825-A computer. The "SOLVE" subroutine uses a modifie d Gauss-Jordan 

method for soh·ing simult a neous equations. Use of the "SOLVE" subroutine 

involves the followin g pa rameters and variables: 

INPUT 

K number of equations (unknowns) 

C[K,K+l] matrix 0f coefficients whe re the first subscrjpt is the row 

OUTPUT 

K 

X[K] 

f lg 4 

unchanged 

v e ctor of solutions X. for i = 1 to K 
1. 

se t if the determinant o f the ma t r i x of coeff icie nt s is z e ro, in-
dicating that the sys t em i s unsolvable 
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DESTROYED 

B current larges t (in magnitude) element in search for pivot; also 
use d for pivot 

I loop counter used as row subscript 

J loop counter used as column subscript 

L loop counter 

R r ow which cont a ins largest pivot available 

S par tial sum used in backs olvc process 

T t emp orary storage 

C [K, K+l ] ma t rix of coeffj cient s 
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( 2 6 > 5 ::: ( 2 t. + 5 ::· - .: - l ) \· .· ·· ( 2 6 + 5 ::. ) 1: 2 6 ,- :. - ·.! -:PF 

· 11 2: 
11 
ll 4: 
115: 
11 6 : 
117: 
1 1 ;:: : 
11 •j: 
i 2(1: 
121 ! 

r:· rt 
::: r:·c 4 

F -" r - r 

" ::: Ci!.... \·' E " : .:. t ·3 4 ; C1 -:+I 
i f 0: I -=- j ..:. I > = i ·: ; 3 1. c1 + 1 6 
I -1 -'+ L: C-'-E. 
i r ( L + l ..:. L :·· \ !-: ; :_:; 1. c· .+ 
i f i: u b := i: Cl L. I J ! ..:.. T ) :: E:; 1 """E: ; L. ..:.. F.: 
·31_.(1 -2 
: + E: = C1 ; ..: f =::: : .:J 5 r:· " D E T = (1 " 5 r .:: -;: 

-:. ._I ; l f I = ; 7- t. Ci 2 
1 2 2 : - U I ._t J ..:. T ; U F-. _! J - C [ l ._! J ; : - ;; ' ._: J : ._; ; ·, ;: . 
. 1 2 1..:.. l -7 ._:; c. [ I I J 7 :: 

1 2 4 : C [ 1 • J J .· · t::..:.. .C [ J J : .i 1 , ._: J -t 1. -:. J > > ! ·: + ; 
1 r, C:- • i::... ._ • • 

1 .-. . - . . .::.t· . 

1 ·:·-:' . .:.... ! • 

1 .-, ,-, • :.::. 1:• • 
1 ·:· ..:.... .·. 
1 = 
131: 
1 .-, .-, . -.:·.::. 
1 .-, .-, . .,:. -=· • 

-:; -,.L 
j f ( i...+1..:..:.... ::. .. -11 
I + 7 ._! 
C [ !.... • _: J - C i_ • I J Cl I _i J-=+ C [ L ._! J ; ._. :· : r:· 

r i:1 -
i r- i:: c r :: }.. J = ; -.. ; ·7 r. .:1 - i c1 
c [ t·: r:: + : J ..- c [ r : 1< J ..:.. : : [ f': J f ..:. I 
i f '· : - i ... I ·:. =. 1 : re t .. 

::: ; I::-=+ L 
. 1 4 : c [ I . :.... j :.: [ [_ :::-c : : ._1 I ' f: ( L - 1 -,. [_ ·: · .. = I 
1 :::: 5 : ;=: [ I t< + 1 J - >< [ I j ! . ,:. - :..:: 

1 ::::.;: 
1 7 : II F: -= t:· l ·: (. f I : 

1 ::;:; : .: r :=i = 1 t. , . 

1 4 C1 : i t" '· .· [ , c = = ·? ·;:- ? ';-o ; : 1 1 , :J '.,.' [ • J 
1 4 1 : r-,-= : < t.. E: 
142: 
14 :i : 
144: 
145: 

f (1 r c· = 2 7 r 1:1 ,: : .::; 

i f './ l: ri C :J = ·; ·; ·; '? ·? : 1 1 t: 2 , A J .,.. ".-' [ A E: J 
i": .:;- ::'. T. C 
r·1 >:. 1. A 

1 4 t: : C1 -:+ :.< ; 7 I l . 

. ...... - ; ·• ·. i .· ...;.. 1 
• .6. • · -

1 4 7 : r:· rt. " t 11. ::: ..: l : 1 ? '-."J. l .::. ; ·.:: ;::· l .. c-= d ._,_; : -r:. r1 1•1 -= 1:;_ n::: • , :=.r": 2 
1 4 ::: : r- .:: t .. 
14 '3 : 
1 5 C1 : .. l -= ,. : 

1 :1 1 : ;· ,:_, ( = . ·=· t 

1 c:- ·: ·. 
_1 ._ •• 

. -. ._, 
1 ':·4 : it '·:'[A • E: J:: ·;<:, ._'.1 ·1r-· 6 
1 :; :; : f .:. :· :: == 1 ·=· t. 



15 6 : 
15 7 : 
15 8 : -
15'3: 
16 0: 
161 : 
162: 

9 9 3 '? \.' [ c ' 8 ] 
Y-1 E Xt - ( 
i +- E: = ::· S : :··: 1 
it E: >2s :'1 ' T1 7 ',' 
n-::·:.:.t, 8 
n i::xt R 

1 f. : :;. r:'I:. ..:_ 
164: 
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Program for Weighting Observations 

0 : " t·: e i '3 ht . .:; d •:1 b := -=· r· •._ · .:; 1_ i C· := " 
1 : E· .-, t . " t U :': b-= r •:• '·-' ::_ l • l -::· .=.? " f.:: ... .: . " Ii 1_fr: [:. -= ,- . -: ( .;--! ..= .. · r: ;-

\.' C t:: · t l J f . :: ; . , i '=: .F [ : J • : : [ 1 :; , ; l l: f . : • = C t; J d: .·: .. . . 
c:::. ··-·. 
t · : 
"".'' 
I ' l ·:: ;· 

·· './ :J. r 1 (;_ t' 1 -=· 
F [ h J , ;: .: :... ] 

T l : 

·=· • r: .. '/ ,J. r- i (: t_. i ; <? i -i " :t i:1 [ H 
·3 : f i:1 ;· E. = ! -r c. r 
1 •=1 : d [ A J :: [ E: J-,. ":' h E: J 
1 1 : i :· ::[ f: J_= ·? ·? ·? ·? ? ; '? ? '? ·7 '? -:. '·:' [ A E: J 
1 2 : r, e :·-:: t.. E: 
1 :::: : r1 .:: :.: A 
1 4 : 
1 5 : f ·=· r· A= 1 -: . • -. r 
1 6 : t I) E: = 1 T_. ·=· l< 
1 ? : 2 [ H J .;_ '·.·' [ E: fl J -'- = [ A J 
1 : r : -= : ._ t. E: 
1 : f !) ( = 1 t :: . 
2 0 : i f I/ [ L . Fi J :-: ·:· _::. ::. ; ; ·:· ·::, = [ 8. J 
2 1 : r·1 :: :_ r.. L 

·:· ·:· . - _ ... 
24 : .:: ( 1t .. F 1-=· :-1 : . . .:;· ( . ( i =j}·; t . .: 1j . • :_J 

2 5 : r ,:. r = [ -:--:- J 
2 f.: r:· ;· '!_. .. L·l ::: •.i i-:, t:i :.: ..-:· i - ···' .::. t . i ,:. r; .= f ::1 r 1._ i ·- i t_:. 1 " 

2 ·3 : (' -= :: t, I_: 
. . : l .: 

• -, 
"".""".::_ ·=•I :• •:• 
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X-Y Plotting Program 

(1: 
1 
'j. 

.-, . ...:.· . 
4 : 
c- • -· . 6: 
-:- . ... 

-
di , .. , 
E·r11. 
E·r1 r 
E·r1 t. 
e· 1·, t. 
E·nt. 
E·nt 

. t: =- ... 11 
c t·l J , \' r t J 

" F i 1 -::· ri ei'. 
"F i 1 E nc .. 

j · - .-1 ,_ •• ,j i:•. 1 .. ( 1. ::: .:: r 
i:J (1 t C!. .: ; 

- · 1·1 0. l l t:· ::.. i.. :. : 1, I ] I) f . • A 
" L o. r ·'? f st :· : 1• ; 0 l .: r:· " , E: 
" 0. } } t:· St. \' '. 1 (1 } I j f:" ":· " • (: 
" L o:i t :'? e::. 1. ·, · • .... . ::;. 1 'J i:: .-: · ·: , 11 

t:: t:· ";:.: t j ( . i 1• I l = l ( . '? II T 
'?: c·r11.. ., '/ l : c cj ! 1 •• ': -= - ::. 1:.r1·-· " "' :./ 
1 l1: 
1 1 : 
1 : 
1..::: 
14: 

enr.. "; :; 1:1 '." i ::i) r. l !.::11: (l i. i (•i"r'-, ,, c 
E·.r-._1. •I\' c, :- i ·-3 j (: l i:1 i:.1=1 r i c11-:'? .. F· 

15: 

1 7: 

2 J : 
.-.. -.. .:: ..:..: . 

1 R > = (1 ; 0 - 2 T ..,. ri 
i c -., = C1; F'- 2 '·. '..:, c 
:= !:. l R , [: Ii 
i ;· f1 + 2 T = •=1 :. '=1 .,.. ?. 
i f c + 2 '·.·' = (1 ; [; -+ c 
o. :::: e (1 _. F' T , '.,.' 
:: :=. i z. 1 . 5 
•. ... 1). ::-:: i :=. .. : 
f :: d 1 
c: -t -i ') 7 ( : 

.. 
(. r.· 1 t - 5 -
lb 1 c 

-. -':"' , I I 

2 ::: : P. + 2 * T -:. fl 
2 ·j : r.· 1 t A l 
30: CP}t 

1 : lb l A 
:::: :;:_. : i ;·· :; :: E'. - 2 T ; ::1 

:::: : i. :: : d ·:· 
4 : l (3 f F :=< [ -:--- J 

: l ·:if i:; \' L * J 
t' i:1 r _i= 1 t .: . t·i 

·:i ... ) 

·:· ·=·. ._1 ·- · • l -: ·,· [ .J J ":.:::: : ·::: : ::1 · r·11. " 

41-1: 
41 : 
42: ... . -.. 
.; c. ., ·-· . 
4 t.: 
4 7: 

f ._i ·.: = 2 6 ; 3 t.. ( · ·. ,- 1 .. t·, .. 
i ._I > == 7 9 : ; " ,:_:· . : ::. r •::: 
r.· i :::; [ ·-' J ' \' [ ._I J 
::. r.· 1 t,. - • :-..: - • ::: 
•: :=. i :: 1 
lb 1 " 
r. .:: n 
'? i. Co " C. ·=• r1 T, " 
·· o. r 1. h" : 



.1 '='.• • ...., '-' . 

... .-.. 
;:i. 

50: . 
51 : 

r:· I t : : [ j J • ".' [ .J J 
.: r::· 1 t - . 3 ' - . 3 
l b 1 "e " 
I-· E ri 

0 conr. 

5 4 : r:· 1 t [ ._; J . ( [ .J J 
5 5 : c. r-· l t - . :3 ' - . 3 
5 6 : (, :=. 1 z 1 
5 7: l r. i 1J. 

f.>): 
t: 1 : 

r: .:- : .. :: t. _! 
• C" ...... _, 
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·correlation Coefficient Pro gr am 

e " C '-' ;· r E ::_ 0 l cir·: ( .1: 1 f f i C i f r1 t " : 

l : d ::. I .. , Fi:;. [ 1 (1 J E: ( 1 C1 J 
2 : Er: t " f io::i.1"·1-=· O:; • 7 i t' .::. t. :.:: . .:: \ •:• " ' f l :f 

f r; 1. .• t C· i": ( ! +· = 1: . ·=·rt ..: e i E: _; 
4: c•t •::•b :.:: .::· r1._•:J.1 .. 

: d : I .'; :: [ t J • , i' ( q J 

7: Er; i .. 
::.: : 1 ::.h 

.. F i l r1 i:-1 • 

,::i ; 1 -:- c; '/ [ * J 
1 (i : i C• t- ._I= 1 ;, 1: 1 

-r· c• r f i r :.:: t. ::: E t ? " '. F 
f0r s econd 

1 1 : i t" [ J J = ? j '? ; f :: ,. l .:, f ·: 
12: if >:E ._I __; 1"1r.· 5 
1 ':• . ·-·. . l i 

14: i r \'[ _! J="j j •"1 r.· ·:· 
l : . : t='1 .;. : :: r _: J A 
1 €.: F. - ','[ _: > c· 
1 7: r. e >: 1. .J 
1 ·=·. r: " ' tJ -,.: :'-:-f1 
1 ·j [ : -" ·: t ; - L "' -:- E: 
2 (1 : f ::1 l = i t.. •:I ! ·i 
21 : ::. -T :::: l J =":-1 ·:,: ·;.. -? ·;--, ·:,i '? ·: -:o ': ' [ T ] 
.-. -.. .::..: . 
.-, .-.. . .::. .:_ .. 
.-. ·" . ..:.'"':. 

l i \ ' [ 1 J = -j ? -:· : ··1 r- ...; 
(!+ .-::<r I J- F<· i: l J- E'. :• ..:..[: 
:: : + 1: '.: : L ! 'J - :=J ·. 2-; ': 

: ,. .-- ' 1
1 

[ 1 - t: ; -; 2 -;. T 
2 € : r ; :: .: 1. -r 

2 7 : C· . : :. : T _:. -- F' 
2 :. - r-· " ·=>:.i ( ·J.1.· ::. :-.. = r; ii: l : (. ·. h.:: · c:.r. 
2 ; : r:· r :.. " r: = .. i=:: 
:;:(1: 0:. rid 
:-: 2 .:.1 i:.'? 
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Data Loading Program 

0 : " l_1 i:i. t Cl. L d i n .. : 
1 ; O::T1 t " i-- i l t-1 l; I J :_: , ,:: · ; - ? .. F 
2 : t:· r l •. = I: r 1 
.-, . ..,: .. 
• < • .., . 

-, . , .. 
C• • 
L ' • 

·:J i 1·: '.,.' [ t J J 
f Ci t- ._I = 1 T. C• 

n o::·:::: i:. J 
t- 0: f F '..·' r .:.:- J 

.: r-· 
t"t) d 

e: d i 1·1 i...· [ ::: 4 J 

Data Editing Prog r am 

1: .. Fi 1 t · r-·? •: F 
2 : 1 d f F \ 1 

[ :.:. J 

E t-: i:. " '·:' O:•. r 1 C·. l:· i >::. = ·-:· '. '.,! 
c. ·-·. \.'..,. 

1
' .'

1 
[ t·l J 

6: f" ,-, > "li 0:• · ··i ( 1 ;_j :,; •::. r 1 I ' ! ( , ( O:: · 

t: : i f I I= i ; ·:;:. ·=· ·-· 
·?: r ( . F " 1

·/ L i- ·J 
1 C1: Loe e-· r--
11 .::·rid 

Data Listing Prog ram 

(1: e n ·-r i i e ti 0:.1 • • F 
1 : r -= i •. 1 

.=.. • E:T, -._. " t 1 = ' , r 
d :!''. \.'[ tlJ 
l i:i r· F \.' [ J 

t• : r:· : - ·.. . ' t; ·=• . " •. !.._ • '. '= '. ':' '. L J 
-:· . ,· . r i -= .. 
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Program for Computing P/S Ratios 

.. , H 
1: 
2: Er·, t. 

A [ t ; J , E: [ I l J , C [ H J 
" F i 1 '=. t·1 ·:i • f o r· F' c:_ !° .. , r:· • .. ' F 

0 , .. , r:'. ·:> .. ' r, • 
• t ·rJt, "Fi le: nc•. f ei r :=:: 

A • "i • 
c- • . 1 ·:J f 

l df 
6.: f o r J = 1 1. .:• t I 
7: 
::: : n f :=< r. ·-' 
·?: i:· ri l.. •· F i l r·, i:. • f" •:i r- F· . ...- t. r .:1 i .. : ( 1 '? ·· l 
1 0: r .=· 11 

11: ref 

Program for Computing Products of Two Variables 

(1: 
1 : d i J•1 

r • · 1 -J ... 
I_,' 

F J 
c; [ : [ -": :; 

f ,: f (_. '= ! 1.. '=' t { 7: if P.c ._1 
::: : i + E: C _i J : · J C, 1:1 ·=:= t. ,: . 

: P. l. ._i h E:: _I J C _I j 
1 
1 j : 
1 ·-:·. 
i 
1 : 

1 .:. : 
1-::: 
1 ::: : 

.. ::. ,:, t": i. " : 

t » -=-::-.: 1.- ._I 

"-= f: i 1· ·· : 

" 1 .. C• :· E " : 
-= r: t .. F i l € r 1 ::• 

i:. f H C [ J 
•::rid 

11 - I . ,: _ 11 

:<. l. "= i: i f ." 



APPENDIX C 

List of Data for Events 0sed 

in Discriminant Test 

Followi ng is a tabulation of the data for events lis t ed by 

Tryggvason (1 964 ) as possible natural earthquakes. Use of the SPN sei s-

mograph wa s s p o r a d ic at t his time , accounting for the numerous omissions 

of data f or SPN. 
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