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L ./The absorptlon and dlsper51on of seismic waﬁes .has been
nexa/lned ‘theOrethally and by measurements on- selsmlc check
‘~SHot data. AL matrlx method whlch lncludes the effects of
/absorpt;on and dlsper51on has been descrlbed for calculatlng
/ plane ;ave synthetac ‘selsnograms‘vat ?vertlcal'incidence.

ks

Non~vertical ”incidence; cnrved'.wave'synthetic seiswmograas
/ which 1nclude the effects of absorption and dlSpersion have
been calculated us;ng modlflcatlons to exlstlng ray theory.
The effect of nnultlples on seisnograms'haS'neen briefly
examined. The ~ spectral ‘ratiq ' methodi.ror neasuring
absorptidn and dispersion.has been‘described'and)studies of
various~'spectral estinaticn techniques® have been carrled
out. A correctlon term to remove the effects of 1nterfer1ng
reflections has been shown to be necessary and has been
included as 'part of the spectral ratio method. A model
study" of the feasabllltya of measurlngu absorptlon and
dlsper51on from seismic check shOt surveys 1nd1cates that it
should be p0531b1e to make these measurements ' reliably over

W

intervals of the order of 3)) meters in thickness. . Actual
check l~shot data has been examined and supports the
conclusieg that the absorption coefficient is a linear
function cf freguency. This data exhibited dispersion which
is consistent witﬁ this conclusion, Heasured Q values on

this data were 42:2 for the depth 1nterval 509 to 1193

meters and 6746 for the interval 945 to 1311 meters.
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1. INTRODUCTION

1,1 General Rewarks

-

The attenuat inn model which will be usrmd in this thesis
is the fawiliar one of exponential decay nr A fapetinn of

Memrans e whish i@ dessrihod by the oquarinn
AO) - A exp( ar) (v,

wvhar~ A(r) die the amplirude at a Aintanie r fro" the sovrce

and A (") iea tha ecnrece nmpli*opd-, 'he @patial Artoennatior
faror e exp( an and Ta Phe e b i e e P iy
*
/
R T e I B TN
ki
a " ow, 20 (1. ™)
wher v ie the angnlar frequenc:,  j& th phace “elority
anAd 0 e thre cpo ific attenr ! o e ey N
LI H " L S i fine a
?n AR (' "
3 -

whaore AP 1is the nmouant of eneray Aisgirated per cy- le for a
i

harmonic wvave and F is the peak elaetic enerqy in » rycle af

the harmonjc wvave. Strictly spealing egqguations 1.2 and {,3
ar nnt evart bt are eypressispnse vwhich are valid for large
0 (7=ner 1948, pages G?'63). The groneity o () §m roeler - a
IR I B N R N T Jorrament

)
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Until now the nature of the frequency depehdence of the
phase velocity ¢ or of the quality factor Q has not been

specified. A discussion of this topic will occur in later
. 3 . : - : . L

sections of this chapter; hovever, for the time being it is

assumed that the absorption coefficient "a" will be treated

A< a linear function of frequency.

This thesis onrlinpg a methﬁd for calculating synfhetic

1
seismograms which incié@e the effects of absorption and
disperss on. Syothetic seiswmograms will be wused for the
purfose of a andel Study on the measurement of absotptior.
The methngd wvhich vill be used *o mpeasure the absorption wil)

o
he the spectral ratio wmethod and io examiping this method

3

- various methods of spectral pstimation will be revieved. An

examinatiop will he made of correctiors which shouild be
Applicrd te the AdAata with this retbod and a study will bhe
made QF the effoct of random roise on fhe resunlts. The
model  stvdy will he cancluden by cutlining a rrocedure for
reasuring Q  from re a1l Aat » ﬂ;ﬂ Fhie will he Tpplied Vo oa

T imig ) amaqgpt oy n) dn to

i

'.? Pxrerimpeptnl Measurements of ¢

Tn this scction a reviev is made &f the Jiterature op
measurements  of Q for rocks with particular attention heing
qiven to jnfevrmati~n aon ¢he fréguency dependence of Q. This

v Ty v 1 miot thn 0 moasnroment o far the ecarth fraom
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%
'eqrthquake records or normal mode data élthough the ! \Q
literature in . this varea -is .quite extensive. Those | '
measurements are at low _frequencies awd oftég a linear
fréquency dependence of the absorption boéfficiént is
assumed iA order to infer tbe depth variation of Q. Most of
the measurements have Leen made in the l%boratory on ro;k

sanples although some field measurements have beep made.

Birch and  Rancroft (1938) nmeasured the elastic

lyr

coefficients and Q of a cylindrical block of Quincy granite

¢

244 cm long and 23 cm in diameter at room temperature and
pressure using 3 resonance teclinigue. 7Tn this method the

sample, uéually rod-shaped, is caused to vibrate by an

Gide amthemes 00

oscillatory force and the amplitude of vibratiosn is

ORI

measured. 1f7 the freguency of the oscillatory force is
varied and ‘its amplitude held constant, then the amplitude
of vihration of the sample is found to trace out a resonance
curve. Jf 4f is the width of the resonance curve when the
amplitude of vibration eqguals .707 times the amplitude at
the peak freguency f, th&n /0 = df /f.  The (Q weasured in
this manper ie the Q assoriated with a particular type of
vihr;*ion. Tn the case of lonqitudﬁnal vibration the ( is
that which 1is associated vwith Young;s modulns while in the
case of torsiondl‘ resoni)ce the Q is associated wvith the
shear nmnodulus. Details of this method are given by Zener
(1937) or hy White (1965). Birch apd Bancroft nused

longitudinal, torsional a nd flexural resonances aond

concloded that Q of Quincy granite was approximately



independent of frequency in the frequency range 140 to 1600

X v
3

Hz.

Born (1941) used a longitu@inal resonance techniqﬁe to
measyre tﬁe logarithmic - decrement on several rock types
taken from gﬁarry Sites aﬁd from cores taken from wells.
He foundi&;hat the logarithmic decrement  for . the .dry.
rock samples was'independent of frequency. He also studied"
the effecks of water saturation and conclujed that for water
saturéted samples the total decrement was the sum of a
frgquency independen£ term and a terw which was probortional

to freqdency. The latter term was attributed to viscous

lnsse s.

Ricker (1953) reported on field experiments made to
test the validity of 'his "Wavelet Theory of Seismogranm
Structure”. This theory uses a mnodified wave eguation
containiﬁg a term vith a first derivative with respect to

\ ‘
time ‘to provide damping. Ricker attributed this eqguation to
Stokes in 1845. This typ; %f model is sometimes Teferred to
as a Kelvin-Voigt solid. Tt is a model 'in which étress is a
linear function of both strain apd straip rate and leads to
an abs~rption coefficient "a" which is proportional to the
square dgj fregquency or a Q which varies inveiéely aé
frequency. One of the gfedictions of Ricker's theory is
that the wavelet breadth will increase as the square.root of

travel time. Ricker conducted expsriments in which shots

vere fired at several offset distandes from a - hole
V-4
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’contaiﬁing' geophones at depths 'of 422, 622 and 822 feet
(129, 190. and 251'metersf. These experiments uefg carried
out in the Pierre shale.neﬂr Limon, Colorado. This shale,

J%which is of Cretacebué age, was chosenlbecéuse it provided a
thick section of very uniform material»at'or'very'near_to
the earéh's surf ace. Ricker presented a graph of 46 points
on a log-lcg plot of wavelet breadth vé;sus travel time
which shows a legsf squares slope of .508. This is in good
agreemént Hithl his tﬁeoretical' value of 1/2. He also
presented a plot showing measured wavefor ms énd a waveform
computed fronm h}sv theory. These showa fair agreemant;
however, as pointed out by S Kaufman in commerts at the end
of kicker's paper, the meésurediwaielets are at distances of
150 to over 1600 feet (46 to over 488 meters) aqﬁ‘the
theoretical wavelet is calculated for 3.5 feet. (1.ﬁ7
meters) . Two spectra were presented and compared to

/theOtetical spectra.. The comparisons ' are fair for
theoretical distances ¢f fronm 3.% feet (1.07 m) to infénity.
Ampli tude versus travel tiﬁe“plots were also presenté&.and
t hese tega to 'sbow somé agreemeht with theory; however,

amplitudes are fairly uncertain and the agreements aren't

that striking.

»

Bruckshaw and Mahanta (1554) made laboratoFy
measurements of the quality factor Q on 6 different rock
types (grénite, do ler it €, diorite, .saddstone, shelly
limestone and ooiitic limestone) in fhe freguency range 40

to 120 Hz. They used a flexural excitation technique in
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L

wvhich a rod clamped at one end is set into forced vibrations

-

" at the other end by am alternating force. The‘ﬁotion ol the

obpoéite .side of the bar at the driven end;is detected'aﬁd
ﬁhe_phaée;difference with theldriviﬁg focde canﬁbe’measuged.
This allows a ~calcu15£io§'of energy loss pgrbcycle. They
lfoﬁnd the ener gy loss per %ycle, to be pgactically

independent cf freguency.

’

Collins and Lee (t956{ presented. data measured by John

L. Martin in 1947-48 but not published. These measurements

nade using longitudinal vibrations of a limestoLe core both
dry and 100% vater saturated indicate that Q is indepenient

of frequency even for the 100% saturated case. ~This woulid

not agree with ‘the - results  of ‘Born  (1941) . They also -

analysed strain measurements at distances of 10, 20 and 27.5

feet (3.05, 6.1 and 8.39'meters) from arp explosion. Due to

_J

the. scatter of the data— they were not able to reach a

definite conclusion on the frequency dependence of tae
absorption cpefficiént; hovever, they did state that it
N .

appeared that it varied more 1like the. first pover of

frequency than the second power.

-~

L .

McDonal et al (1958) reported field neasurenents of

attenuation made in the Pierre shale near.Limon,_Colorado.
’ : 1

This is the area where Ricker did his work. Shots at'depths

’ <% ) .
of 250 to 300 feet (76.2 to 91.4 meters) were fired into S

detectors at depths ftom 350 to 750 feet (107 to 229

metéré). Using velocity log information corrections were

B L ST PO,

P e s A ir SR g e S Ll B VT

A



- ‘ '7.

i

made to fﬁe.-data.fdr-gepnetric‘spreading. Because of the
‘*Pnifornity of the shale it was felt that that there would be
,no Problems with4multiples. ' The absorption was'méasurei'by
Fouriér:analysis of ‘the corrected waveforms. ' For vertically
~travelling conpressioﬂal waves the results indicated that
the absorpticn coefficient was essentially-a linear function
of "frequency with .a ‘least sqﬁares 'fit indicating\ a
depeﬁdence‘on'freq?ency to the ‘power 1;1”from’1QO to 600 Hz.
For horiiontally’ travelling' shear vaves the results Qere
similar with the absorﬁtion coefficient having a‘linear
dependence on freguency.' Thef also found thai the decay of
'vaveiet ‘amplitude with tiaVel time and the waveiet
bpoédening wiihv travel time vere less than Biékervhéd
' measured. ' The attenuation 'of shear waées :in the neaf_

surface wvas found to be mich greater than that of

?

compressional waves.

Karus (1958) made in situ méaguremepts on clays, lavas,
gneiss énd onher'metanorphic-rocks using a pulse method in
the frequency range 80 to 4500 Hz. He conciudea that the
aborption coefficient was ° almost direcﬁly pfoportional to

frequency.

Knopoff and MacDonald (1958) revieved the existing data

on  attenuation  measurements and concluded ‘that the
A . : : . . .
experimental evidence. indicated . that the ‘absofptfon

coefficient ias a linear function of frequency. They

examined various theofies and concluded that the @bsorptign
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couldn't ke accounted for by any linear theories.

Peselnick and Zisetz (1959) used a p@lse—echo technique -

to measure the absorption éqefficieht‘ for shear and

compressional  waves from 3 to 10 MHz in three differebt

lipestone samples at atmospheric conditionms. In this method -
a  short pulse of comfressional or shear waves is generated’
st g

'by a piezoelectric crystal transducer attached tomane‘énd of

the specimen. The pulse duration and carrier frequency cah
be varied. The first arrgval and ﬁultiply reflected sigrals
aré detected at “‘the other end of the speéimen by a secogd
crystal. . fhese apgivais are,dispiayed on an oséilioscopé
and thé decay in amplitude of the pulsg'can be measured for
successive ﬁultipies #iand an  absorption = coefficiert
calcuiated. Expldnation éf this method is giéen'by,Rodefick

and Truell {1952) or White  (1965). The absorption

coefficient  measured in"this vay includes the effects of

apparent losses due to dJeometric spreading and reflections

)

and transmissions at .the specimen boundaries. By using 6

‘different 1lengths of sanmple Peselnic} and Zietz found tﬁ%t

these other losses were negligible in respect to the

absorption. They found that the ahsorption'coefficient was

proportional to frequency for compressional and shear wvaves

in the three samples. - : v

Shumw%y (1960a,f'196ob) .used a longitudinal resonance
technique to measure the attenuation of."samples -of

unconsolidated marine sediments taken from the sea floor.

.
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He tabulated many measurements on 1 samples at one, two or

t hree freguencles ;n the range 20~ 30 kHz. e looked at-the
relation of absorptlon to porosxty,and also to fteguency.
His 1analysis-'of 65 .samplés gave .a dependence of' the

absorptidg coeffibient,of frequency to the pover,1.79 & .58.

Auberger and Rhiaehart (1961) used a pulse transmission
rtechnigue in which a-pulse was fransmitted through-samples
of the same rocklof three different lengths. ;ihe amp;ituaes
of the transmitted .pqiSes were_'COmpaﬁed and attenuation
coefficients calculated. The' piezoelectric transcuders

-

which vere ‘used had frequencies in the range 250 to 1000
kHz. They carried out measurements of absorption versus
frebuency on 8 rock typﬁs (3 granite&; andesite, 2

sapdstones, limestone and marble). In all cases their

abSQrption versus frequenty curves showed irregular.shapesj

-

consisting of peaks amd troughs. In general there seemed to
N

be an . increase of attenuatlcn with frequency, but thls was

not always seen. They attrlbuted these peaks to resonahce
effects due to graias. It should be /noted that their
attenuation: values are very .high aad this might indicate
) that Epey :gte not measuring just the effects of absorption.
In fact Klima et al (59621’poineed out that the method of
plotting féak amplitudes of a time domain pulse againsé
'distance vithodt ~‘divergence corrections - can 1lead to

completély' incorrect values of the absorption coefficient.

In the case of a few observations at_small distances this

®

would cause the values to be too large.

e
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Peselnick . and Outerbridge (1961) me@a sured the

absorpfion coefficie&t of Solenhoffen limestone over the

frequency range of 3.89 to 107 Hz. For frequencies of 3.89

LR

-and 6.52 Hz they measured the'decay of free oscillations of

a torsion 'pendulum. For freguencies of 8.2 to 28.5 kHz they
‘ Y] 9

;used*.resoﬂahce methods 'and for frequencies around 10 MHz

-t hey used pulserecho metpod§. The measutements were made at

oom condltlons and 1nd{éated that the logarithmic decrement

1ncrea§ed. by 25% between 6.5 and 18,600 Hz and by akout a

fector of 4 between 6.5 Hz and 9 MHzZ. The inc;ease observed/

'in the M4Hz range® maiﬁ~be- too high because of Rayleigh

scaflering effects and the fact that a sample of ldwer

density was wused at - these freguencies. This data would

certalnly suggest that over a very wide range of frequeneles

Q 1§‘essent1ally lndependent cf frequency.

. o Q,

Osher (1962) measured Q for VvAriois rock types in the

‘40 Hz by using a forced osc1llat10n

technique and measuring the phase angle of the deformation

-.in the rock relative to a steel bar. He calculated

Q froam this phase difference .and found that Q0 was nearly

constarnt as a funct ion of frequency for dry rocks except

at frequencies below 10 Hz. This could be due - to -

experfmental errors ‘at low frequencies. For water saturated
rocks ke fouqd a decrease in (Q and an increase in its

apparent éependence on frequency.

AN , ‘ : ‘ ‘
Wylie e\;al (1962) examined the absorption of waves in

»

P v

R
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fluid .satgzéféd porous rocks as. ’a function of  fluid
saturation uSing a resonant bar method}“_They'suggested that
““the total'logarithmic décremeng was the sum of the frequsncy

rndépéndent' frame ~ decrement (jostling - losses) anil a

frequency dependent decrement associated Euith the fluid

motion (sloshinq losses).: They indicated that the fpamé

4

decrement @might be fhe sum of-a frequency independent term

P

and a frequency_dependeét terﬁ'resulting from éhemical'aﬂd
physical effécts of the fluid on the ecementing material;
They stated: that the theory of Biot (1956) could:be uéeé to
predict the sloshing decrement. No evidence was given

shoiing the frequency dependence of the total decrement.
Nolle et al (1963) plotted amplitudes of the reflectéd
“signal against sand thickness for_?ariOQS»thickness of éand
and wused this to c?lculate absorption coefficients. The
reflected signal came from the bottom of a cylinder filled
with sand overlain with water. The sand vasla white quartz
sand with  all corners removed by erosidn and was sievél to
give partigles of the same size. The signal frequency was
189 to 1000 kHz. They found the absorption coefficient to

n,.

vary as the square root of fregﬁency in this range.

Knopoff and Porter (1963) measured the absorption of

Rayleigh waves on the surface of a sample of Westerly

granite in the laboratory. They found that in the frequency
Tange 50 kHz to 400 kHz Q wvas frequency independent. At

higher frequencies they found a fourth pover dependence of
.Y
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the . absorption coeffiqient on  frequency vwhich they

attributed to Rayleigh scattéring; Knopoff  (1959) has“given'

-a formula for relat%ing the ‘Q o Rayleigh wayes to the Q for

P vaves and that for S waves.

S
N

Wood  and Wesiqn (1964) used a transmitted pulse

technique to measure the attenuation of mud at thg botton of

Emsworth harbor in the ffequency'range 4kHz to 50 kHz. They

found that the absorption coefficient showed a linear

dependence on frequency for the harbor mud.

Knopoff (1964) im an-excellent review article discussed

laboratory ﬁeasuremgnts of Q in metals, non-metals andl

\

rocks. The measurements in rocks have been discussed above;

however, the mea surements in nétals aﬁd non-metals have not
been discussed. He provides referénéés to these
neasurements as well as"tgbies. All of these data indicate
£hat fhe absorption coefficient is dependent on the first
power of frequency and hence that (Q is independent of

frequency 6 for the small strains of interest in seismic wave

propagation. He then discussed several models for the

-

absorption process. This is a pronlem that will be examined

later in this chapter. He also discussed measﬁreﬂénts
of attenuation using earthquake induced Rayleigh and Love
sdrface waves of different periods and also measurements
baséd on standing vaves of the free modes of oscillakion of
the earth. " Using the assumption of the lftegnency

independence of Q and measurements of surface waves and free

i 1T
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modes, he was able to iifer a Q versus depth structure for

‘ . ' - Q

the mantle. - This is r[fossible since surface vaves of
. y ; :

different periods sample different depths of the earth.

~

Wuenschel (f965) analyzed the data collected'by HcDgnal
et al (1958) forldispersion. He showed that dispersion was
bresgﬁt along with the observed absorption and that both the
absorption and dispersion of the data could be described by
a~theory given by Futtermgp (1962). He also performed model
studies on plexiglass which showed the sanme good agreement

with this'theory.

Cole (1965) studied reflections from the Newfoundland

abyssal plane and the Gulf of Alaskaand showed that the

"

energy  loss on reflection was consistant with an absorption

coefgiciént depending on_ the first povef of fgequency but .

-

not with one depending on frequency squared or on the sgnare
root of frequency. The frequency range nf this stndy wvas

100 to 900 Hz.

K
o

i Bradley and Port (1966) concluded from a review of the
literature thbhat Q 1is essentially independent of frequency

over a frequency range of abouf 106 Hz. They tabulated
’ P

values of Q for several rock typeé and provide a very

. \,
complete and extensive list of references Qb the Literaturs

‘

from wvhich these méasaremqnts vere taken. y

Atwell angd Ramana (1966) aralysed a great deal of the

published data on absorption voefficients of rocks from
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«ylabbratorj me?surémeﬁts, field'pbaéurements and measurements
from 'earthqﬁéke seismograms. They.applied a least—équares
anaiyéié r to all of the ‘data and conciﬁded that the
absorption coefficient seemed to depend on the fir%t pover

.

nf frequency ~Qver the frequency range 10°3 Hz to 10° Wz,

Hampton (1967) Feported on laporatory measurements of
attenuation in water satarated sediments. Meagnrbmentslwece
made between 4 kHz and 30 kHz nsing a standing wave tube and
betveen 50 kHz and 600 kHz by measuring pulse aMplitudes-
He coﬁcluded that that the abséfption coefficient of'clay
and clay-sand mix¥ures (up to 15% sand by weight) depends on
frequency raised to thé povér 1.37. 2As the =sand prropoftion

increases above 15% the exponent of the freqnency decreaces

And becames .5 for puré sand.

-

Sato  (1967) revieved resnlts of O measurements from
kY
recordings of "body waves, surface vaves and free
ascillatincng associated with-earthquakes. THe alsc discussed
¥ ' ‘
inversiaen of this data to produce Q versus depth values for
the ontire earth. He presents thenretic»l relaticrships for

the Q's associated with P and S waves bt those agsociated

with TLove and Rayleigh waves,

measurements obtained from the decay of forced flexural
s

vibrations of rod-like samples of cmaly-clay shale and
A
gquartzite in gthe frequency range 50 to 1000 Hz. They

concluded #Ebat 0 is practically independent of fregneucy.

. )
- .

e g

Merkﬁlova and Vasil'tsoy (1967} reported on Q'

et
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Mer kulova (1968) used a resonance technigue :o calculate Q
for rocks in the 10 kHz to 160 kHz rtange. . Compari;g these
results tn those of 1§67 and to those obtained by a pulse
method inr the frequency range .© MHz '~ 6 MHz meported by
Merkulova {(1966) he ~apcInded that 0 in‘,nqqnnriallv

inlependapt ~f froequepcy,

MeT roy ard Del.rach (1968) measnred the attenuation of
s mples vf sen floor cediments c0lle ted in tanks 4 by 3 by

7?2 feot (120 Yy 90 hy 60 ~®}) Aecep from %aint Andrew Ray,

'

Floviidn They verd A trancmitted pulse ir the frequ necy
Tange 15 "“"Hg ¢t~ V' o'y and th iy - 'nel - d90n w:'r that 'ha
-,‘h_c(\rr\"iﬂn e 0T L Sy s ﬂqpf* yulte vy [R] €y 1 = ey o f

e Meney

Tl avd Nediqd (19067) ron uected oyperiments in the

cediments in  the "w]f f MNexiro in an ﬂ'fQQrf to me-runre
attenuati p_ They ned ) lastinng rnye as ~Aanr ces  an A
genphora- crrmented to tho aard h t *oriogs dop*ﬂ; in =
. . ‘ /
havyehnlt. aas r coijvnre, T @ ﬁlata/ wvA e crorrerted for dho
nnqgle @ het ' on :aye anl the 'onphq%p "vi- and Fn; geom-t oy i
aptoadirg. Tn romﬁvé t he afferts cof congtracti ve an d
Abatr v ¢33 o interforanre dne o ra‘lé('finpq the ranlasrs wveore
gated in +the time Aomain. The srectra of the gated,

rorv'acted pulces were alao swmanthed in ¢Ro fv'oqnpn(.‘v dAomain.
The ratin of eprrtra at different Adepthe was thep ma3lculated
and  from "“iz gpe'*tral ratic it wac pos-ibhle tn determine

[ P [T IRt A [ e 'y ¢neyrr ov o Feov pemwe Vo0 wf Ah o nheaanrnpnt 1ean
) ™ 14 Y A v
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coefficient and also a value of Q. Either spectral ratios

were averaged im a given region of depth or spectra were

averaged o;er geophones that were ciose fogethér or spedtr%
wvere averaged over differentv:shots recorded at the sanme
location. They found that the absorption coefficient
depended on the first pover of frequency for depths of 1 to
1000 feet (-3 to 305 meters) and'ftequemczés of 50 to 400
Ez. They calculated the absorption éver the irtervals 1 to
10 (.3 658 3 wm), 7.5 to 100 (é.3 to 30), 100 to 500 {30 to
152 m) and 500 to 1000 feet (152 to 305 meters) with the
measured O valuee for P  yaves being 2, 180, 75 and 115

resrectively.

Stoll and Bryan (1970) reviewed the theories of Biot
(195f, 1962a, 1962b) in regard to rredicting absorption.
They raleulated theoretical values of ab#orption for varjous
fluid satyrated sands, clays and wmuds and got fairly good
Agreement with the experimental tesults of Shumvay (1960),
Nalle ot 3l -(1963), Wood and Weston (1964) Cole (1965) and
Hampton (19A7) . They conclinded Ithat the absorption is
coantralled by frame losees at Jaw frequencies resulting
in a Iihnsr dependencte  of the absorption coefficient on
freqnency. At  higher frequéncie® viscous Josses dominate

4
and  the dAependence is on freguency raised to the n'th pover

where n  increases in the range 1 to 2 and then decreases.
At  very high freguéncies the frame losses again begin to be
important. They pointed out that the terns big%J\nd low

f’r'oqnc;n('lv AT e meaningfn] only wi +h respert to the par iculér

el e e LS S e s i e



material being considered.

McCann and McCann (1969) concluded that the attenuation
of compressional waves in <sediments can be explained in

terms of two mechanisms, bnamely vigscous losses and solid

friction losses. They also concluded that for real

sediments in the frequency range SkHz to 50kHz at a depth of
burial of, 2 meters or more solid friction 1oéses dominate.

They presented some experimental data..

Cloue§ and Kanasewich (1970) compared the autopowver
spectra of deep <crustal seimic reflectifns from southern
Alkerta with theoretical spectra generat;d using a synthetic
seismogranm modelling prog}am that includedfthe effects of
absorption. Assuming Q is a lipear function of frequency
they suggested that the average ¢ for P waves for the upper

2 kilometers of crust was 300 and that the average for tbe

lower 40 kilometers was 1500.

Hamil ton (1972) reported the résults of in situ
G,maasurements of compressional veloéitv and ahsorption in the
sea floor off San Diego in the frequency range 3.5 kHz 'to
100 kHz- Be analysed this data as well as data from otﬁer
sources in the literature and concluded that the absorption
coefficient i% apprﬁximately dependent on the first powver of

frequency. Be also examined the relationship between the

J . ' . . .
absorption coefficient and porosity and the mean grain size

of sands. In a later paper Hamilton (1975) added more data

from the literature to his 1972 data. This data further

A
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supports' his conclusion about the frequency dependence of

the absorption coefficient. He also studied the variation

of absorption.iith depth.

Gladwin and 'Staéey (197u) have measured Yhe rise time
of pulses propogating thr;ugh quarry iallé,'hard ro€k tunnel
walls and concrete blocks as a function of distance. They
fohnd tHat the rise time varieshdirectly as the travel time
and not as the squa;e roét %f travel time as Ricker (19 53)

predicted. b

Hart et al (1977) have shown that if the dispersion

‘. N N - 3 . R .
associated with absorptiomn is taken 1into account Wwhen

compa;ing earth modgis deduced from normal mode data with'

those ‘derived from body wvwave data then the resulting models

will be in better agreement.

Tokng et at (1579) used sfectfa; ratios of ultrasonic
pulses in the frequeqqy range . of .4 to lriﬂﬁﬂz to study the
absofpéion "as a function of4freguency'fof P.and S waves in
dry and brine satnrated roék samplés at various pressures.
In all cases the absorption coefficient was found to be a

linear function of frmequency. ‘

v

in summing up all of the literature.datalvhich has just
been &isdussed it is useful to consider laboratory data and

field efperiments separatel y.

Idwjlooking at‘ the laboratory data we find that the

works of Birch and Bancroft (1938), Born (1941), Bruckshaw

PR
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and Mahanta'.(igsu); Coilins and‘zle (1956), Peselnick aand
2ietz (1959), Pesednick and Outerbridge .(1961),: ﬁsher
(1962),‘ knopoff and ‘iorter (1963), Merkuiova (1968) and
Toksoi et al (1979) all agree tﬁat viﬁ dry rocks the
absofptiohl éoefficient‘ depends on the first power of
: freqdéncy and. thus Q is independent of‘freguency. This
agféés. vith results for metéls and other solids as pointed
by Knopoff (196&).‘ The ,range‘.of_frequengies covered by
these" experimenté is very. wide (4 or S Hz to 10 MHz and
analysis §f ali of this‘cpllected data leads to the same
“conclusion aktout t he freqﬁency deﬁehdence as pointed by
Atwell anf' Ramana (1966f. . The only‘laboratory experiments
to suggest any other frequency dependence are those Qf
Auterger and Rhiﬁehart (1961) and as discussed earlier there

may be proklems with these peasurements.

The 1laboratory daté on the frequenéy dependence of Q
for water saturated ‘rpcks iE not as clear as that fér.dry
" rocks. At frequencieé greater than 1000er'Born’(1941i,
Shumvay (1960a, 1960b), Nolle et "al (1963) and Hampton
(;967) all suggested some form of frequency dependence.
This ranges from' Q v;rying inversely as frequency to Q.
varying .as Idirectly as the square root of. frequency.
Hampton' (1967) pointed out that the freguency dependenée at
these frequencies depends on'tﬁe rock typé. théte‘is also
evidence at these frequenciesv that Q does not depend on

frequency for saturated rocks\as pointed out by -Collins and

Lee (1956), MclLeroy and DeLoach (1967) and Toksoz et al
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.\in vater saturated rocks belcw 1000 Bz was glven by Colllns
Eand' Lee (1956) who reported that Q didn't seem to depend on
'freguen y down to 100 Hz and by Usher(1962) ;no reported
‘some bd equency dependence for uater saturated rocks between

2 and 4 ‘Hz}

Field experiments have been done on land in the Pierre
shale of: Colorado by Ricker (1953) who concluded that the;
absorntio u-coeff1c1ent is proportlonal to the square of
freguency\knd hence that Q varies iHVerselj as freguency and
" by McDonal et al (1958) "who concluded that the absorbtion
coeff1c1ent depends :on the first pouer.of frequency%and
hence. thatqQ is.constagt. Karus (1958) also concluded that-
Q |is constant. Huenschel (1965) analysed the data of
McDonal et\‘al and fitted the observed dispersion to

\
\

Futternan)s VXmodel uhich requires a-llinear frequency
dependence offkhe absorntion coefficient. -

In , my opdnion the conclusion that Ricker!s Wavelet
Theory.agrees with his_experiNental data has not been proven
in his paper. \The vavelet breadth versus travel time plot’
doesn't prove that__this‘ is the ~onl¥§ theory that could
explain .tne'results. The sane criticism'would apply to the
amplitude ver#us travel tinme plots. . As has been pointed in
‘the previous dlscu551on of‘ th;s work tnere is a dlstance
_problem in ethe‘ comparison  of observed and theoretlcal.

.wavelets. - Also, I believe 'that one could argue that the
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theoretical and observed wavelet comparisons and spectral

compar;sons suggest that perhaps ‘this theory mlght predlct .a

ba51c' vavelet shape near to. the source but’ that it doesn't

describe the wavelet propagatlon outs1de thls reglon. A

plot of the. ratlo of - amplmtude spectra versus frequency for

the recorded -vaveforms from the same shot at dxfferent

distances_whiCh was not made‘vould bave provided information‘

~

about‘»the frequency dependence of the process.- ﬁcDonal et

‘al (1958) in  the same Pierre shale reported results which

disagree' with the amplitude decay and vavelet-brOadening

o "

‘reported- by Ricker.l They also do a Fourier analy51s which

'shows that the absorptlon coeff1c1ent is proportlonal to the
“

'f;rst power of frequency.. Rlckerl work has also been_,

~cfiticized by Van Melle (195QL on the basis of energy
-gonsiderations.' He calculated‘ the " actual -energy in the

" travelling wave and then used Ricker's theory to extrapolafe

back towards the source.‘ At a dlstance of 36 feet (11.

.meters) he - calculated that the vavelet contains 7 ‘times as
much energy as the initial charge could possibly have had.

. Other field experiments include those of Wood and'

Weston - (1964) and Hamilton (1972) in the ocean bottom.
These. experlm ts showed that' the absorptlon coeff1c1ent is
a lipear function of frequencynln the range uxﬂz to 100 kHz.

‘Colé. (T965) arrlved at a 51m11ar conclus1on from ana1y21ng

ocean bottom reflectlons,ln the frequency range 100 to 900

s

HZ-
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‘Tullos and Reid (1969) measuredfabsorption‘in'the sulf
coast sedlments down to a depth of 1000 feet (305 meters) in

:the freguency range 50 ‘to QOO Hz and concluded that the

A

'absorptlon coeff1c1ent is a llnear function of frequency and
/4 . . .

2}

'hence‘that Q 1s‘cqnstant.

Based' on ‘all tBlS -data it is clear that the absorptlon
coetf1c1ent is a llnear functlon of freguency -and hence that
Q is alconstant. This conclusion is made for frequencxes of
i interest in seismic exploration'k10 tc'SdO Hz) and for in
situ-‘rocks. All of the data support this conclu51on except
that of Rlcker (1953)- and some 1 aboratory measurements on
water | saturated rocks. The ”discrepancy' of the 1lab
measurements. can’ likely ‘be rexplained,nim terms of;Bict's
"theory uithvthe lossesvmade up of a'viscous term due to' the
-'fluld motion plus a solld frictiorn term due to the bulk rock
material ; and the latter wlll likely dominate at the
freguencies- of interest :as suggested by stoll and Bryan
(193:). "McCann and HcCann (1969) suggested that, ii;de theé
vis ‘us lqsses may dominate in the lab at zero overburden.
- pressure, ,forr‘real sediments at a depth cffburiai of two
meters_or”more the solid~friction method will domina te. The -
.calculations'ofajbthton et al k1979) also indicate that the

frictional lqssestwill.dominate;.

‘Table 1.1 is a summary df the'Q values measured for
various rocks °in the laboratory and the.field along with the

sourceotof, the measurement. The  various Q's apply to



~ Bock Type

chalk N

diorite

.-diorite

~ dolerite-

granite

Quincy granlte
Quincy granite
Westerly granite
, limestone I-1-
limestone I-1

" limestone H-1
oolitic limestone
shelly limestone
Huntoh limestone
Solenhoffen limestone

"'Solenhoffen limestone .

Solenhoffen limestone
sandstone.
Amherst Bandstone
Berea Sandstomne
15 psi dry
15 psi wvet .
5000 psi dry
8000 psi wet
15 psi dry-
15 psi wet
5000 psi dry
8000 psi wet
Old Red sandstone
.coaly-clay shale
Pierre shale"
Pierre shale
Sylvan shale
gquartzite
cap rock core
Cockfield-Yequa core
Gulf Coast Sediments
ce3 to 3 m{
2.3 to 39 m
30 to 152 nm
152 to 305 m

Table 1.1

vFrequency

2-490

40-120
2-40
"40~-12p
40-120
140-1600
140- 1600,
50-4 00
5-19
3-15
5-10
40-120

. 40-120

. 2ll8-1016

- 3-15
. 3-9
4 Hz-10
4-120
930-3830

. .6-1.1
«6-1.1
«6=-1,1
6-1,1
c4=-1.2
«l4-1,2
4-1.2
.4-1.2

2-40

50-1000

100-600
25-1%0

3.4-12.8

50-1000
100-6609
3- 6’10.9

50-400
50~4090
50-400

kHz

dHz
ME2
MHz

kkz
MHz
MHZ

MHZ

MHz
MHz

MHz

MHz

L)

MHz

dHz
MHz
8Hz

kHz

kHz

50-400

v

Q Value

Qy=100-120

Qy=125

Qy=200-300

. Qy=90

Qy=30

.Qy=100-200

Qs=150-200
Qr=79
Qp=170

-Qs=400

Qp=190
Qy=40
Qy=60
Qy=59-71
Qp=110

.Q0s=190

0s=180-800
Qy=20

Qy=51-55

- Qp=22

Qp=16

- Qp=100

Qp=78 .
Qs=20
0s=8 ,
Q0s=105
0s=36" ;
Qy=80-90
Qy=75

T oQop=32

Qs=10
Qy=70-75
Qy=180

- Qy=35~62

QY=65-70

Qp=2
Qp=180
Qp=75
Qp=135

23

Reference

Sdﬁmary of Experimental Neasurements of Q.
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- different eiéstic moduli and Qp is associated with P wave

24
A

propagation‘; - Qs with the the shear modulus or shear

' Rropagation, Qy . ¥ith Young's ¥odulas and Qr wifh Rayleigh

‘wave propagatipn. - Table 1.2 lists the re%ﬁifnces for the

measurements vhlch are summarlzed in Takble 1. 1.

v | ¢

1.3 Absorption Models

~In this section various models af the absorptlon
mechanism will be discussed lncludlng the model which is
used * in this thesis. all of the mode‘ls examlned have a

linear Or nearly linear dependence of the absorption

- coefficient on - frequency since the experimental data

discussed in the previous section indicate that this is the

B ¥

The flrst model to be’ examlned is the one whlch Hlll be

used in this thesis. It was proposed Ly Pntterman (1962) .

He defined the dlsplacement of a one d1uens1onal plane wave

as

U(c,t) = U(0)exp[i(Kr-wt) ] : (1.4)

t

and time t and U(0) is the initial disg}aéenent at the
source. The angular ffeguencf ‘is w and K is the complex

propagation constant

K(v) = k(w) + i a(v) (1.5)

Where U(r,t) is the displacement as a functioﬁ\gf distance r



4

Number ' Refgfence
1 Birch and Bancroft (1938)
2 " BSrn (1941) ) vy,
3 . Bruckshaw and Mahanta (1954)
4 ' ﬂcDopai et al (1958)
’ 5 " pesselnick and Zietz (1959)
6 Pesselnick and Outérbridge (1961)
7 - ‘uéﬁér (1962)
8 _‘v Knopoff and Porter (19633 .
9 .. 3 Fjaerkulova and Vasil'tsoy (1967)
10 ’ Tullos and Reid (1969)
11 Toksez et al (1979) ,
. .
Table 1.2 Réferences;for Table 1.1.

25
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where k isf the wvave number and a is the’ absorption

coefficient. K obeys the symmetry relationship

K(w) = CONJUSATE [K(-w) ] : (1. 6)

where CONJUGATE indicates the complex conjugate.

N

Futterman assumed two things in his derivations. The‘
first was that the absorption coefficient would vary
striétly linearly with | frequency . over the range of
measurement. .&he second assumption was that the wave motion
could be described by ; linear‘theqry. This meént that the
superpositidn principle could bPe applied. It also meant
that .;hé presence- of ~absorption hwas a ngceé;ary and -
sufficient condition for the pfesence of dispersion.

] ) .
Futterman then introduced the notion of a complex index

of_refracﬁion q}ven,byf\\. J
N(w) = K(w)/k'(w) ' (1.7)

where k' (w) défines ﬁhe non-dispersive beha;iour of the
medium atigfhe same frequency. It vas then necessary to
introduce.into the theofy a lov frequency cutoff so that the
phase velocity would be bounded as the frequency approached
Zero.. If co is the llmlt of the phase velocity below this

I3
cutoff freguencyrthen this meant that the limits of co/c(w)

and a(w)/w were finite as w approached zero. This implies
that at very 13w frequencies "a" approaches zero faster than

a linear function of frequency. Then
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. k') = wsco - b (1-8)

and(, /
N(v¥) = cOK(w)/w o (1.9)

and the limit of N(w) as w approaches 0 is 1.

There is also a high frequency cutoff llmJt in this
theory. . The high freguency cutoff was 1ntroduced so that
the 1limit of a(v)/w would approach zero as w gecame
infinite. This implies that at very bigh frequencies %“a®
behaves as if ‘the frequency dependence is on a pover less
that one. This requiremeni is also feguired in order to
satisff the Paley-Wiener criterior. (see Qanasewich (1975)

page 1&6). 'Thus there is no absorptlon allowed at 1nf1n1tp

frequency and the 1mag1nary part of N(w) is zero.

By using the principle of capgality Futterman applied a
Kramers-Kronig type of relaticn (see Kittell (19f5) page
324) or Hilbert transform to relate the real and imgginary
parts of the complex index of refraction. This gave binm a
relationship between the dispersion which is éescribed by
the real parg‘vg\the complex index and the absorptioan which
ié described by the imaginary part of the index. ﬁge then
considered fhree forms of fhe absorption, all of which
satisfied the assupption that the absorption coefficient was
a linear function of frequency in the rabge of interest.
The +third absorption-dispersien pair which he described is
the omne which will be used as a model insthis thesis. For

-
P



this pair oo . .

»

“ In[N(x) ] = [ 1-exp (~x) }/2Q0 (1.10)

where x=w/w0 and wO js the low frequency cutoff. Q©° is the

»

- reduced quality factor given by

00 = w / [2a(w)cO]. . (1.1

For Q >> 6.28

2c(€jo(v) = 2¢c0Q° | (1.12)
and ! 'J%\

a(w) = w/2c(w)cg(w) ; (1.13)
where

Q(x) = Q° ~ 1In(Yx)/» (1. 14)
and .

c(x) = <OV - in(ve)/rQo). (1.15)

4

Fuler's constant is ln(v)=,5772157, Eguatiohs 1.14 and V.15

are valid only for w 3> wO, Note that the group veloﬁxtg

N ~

associated with this absorption-dispersion pair is
1 :

S u(x) = cO[1 - {1+ln(vx)}/mQOT1. (1.16)
. : 7 . .

Thus ‘Epe group velocity will be slightly greater, than thé .

phase velocity. " o

B .'/
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Eguatiéns 1.13\ to 1.15 describe the absorption model
which will be used in‘this.thesis; Note that the absorption
~&Oefficient given by egquation 1.1? is a iinear funcﬁion of
frequency in the freguenéy rapge of interest. In this nodel'T
there is a low frequency cutoff gelév vhich no dispersion
exists; however, the vaiue of this low frequéncy cutoff can
‘be made~’'as close tc zero as we want. BAlso note that in
deriving these relations a high frequency limit was ;lso
introduced such that above this 1limit there i; no
ahsorrfi;n: however, this limit can h;Mbs ﬁigb as we want so
that the theory is valid over vhatever freqnency ran§9 we
wvould bte interested in for SOfsmir exploration purposes. No
attempt wvas made to desarite a physical mechaniswm for the
érergy lass in this theory as the theory was just derived
from the assubptions that a )ipear theory was valid and that

t he ahsorptinan rhefEiriernt varieod ae the f3iremit Power of

freoquen~y.
(28

It is 1interestivng to ccerpare Futterwan®s theory with
one qi;qn by Tomnitz (1957) +o explain the relatimnship
hetween trvanciant «craep and1 int~rral fri~tisan 1in snli d
mAateriale, JLomnit > startad frnﬁ Rolt7man's "t hoory of
ola~t i wrrking" (Poltzman, 1876) which was la;cr extended

by Zon~r (1918) . Accnrdihg to thas theory the ~itrajn HE

Telnbo® £ the ~trags hy an eguatinp of +the form

Al
vy

¢ .
ety = [p(t) + (p(IVF(r-t")ar" Y/w (1. 17)
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vhere p(t) is the stress asla function of time, e(t) is tPe
strain as a function of time, n is an elastié constant and

f(t) is the céeep function. the that éener (19“8}Afefers
to this funckion as the creep functioh but that Lomnitz
(1957) refers ’to ‘'the function used above as the timé
derivative of what he calls the creep function. Also the

stress is related to the strain by

\

t . ) L .
P(t) = mle(t) + (e(t)y(t-tr)dtr] (1.18)
wvhere y(t) is the relaxation function. VNote that Zener

refers td this franction as the stress function and Lomnitz

referg tn gt AS tha timn derivative of the relaxation
7

fan~tjon. /

Since the «creep and relaxation functions are zero by
definition for negative times in equations 1.17 arrd 1. 18
then the iutegqrals in these equations are convoiution
integrals. Teanitz derived a relation bet ween the creep
fno~tion and the relaxatidn function by applyi;g a Laplace
trancform to oquations 1.17 and 1.18. He then introduced
the idea that the relation betveen stress and strain should
te described by a complex olastic modnlus to aécount for the
absoxrption. This idea is the same as Futterman's
introduction of a complex wavé pumber to describe the
Absorptinn. Tn fact a complex wave number, a ccpplex

elastic wodvlius, and a complex velocity will be used to

modify  the elastic theory of vave probagation to include
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t

“

?

absorption. This is‘discussed,in the next chapter.

Fourier transforming eqyations 1.17 and 1.18 replaces

the convolution integrals with multiplications and leads to

E (v)

fl

P(W)[ 1+F(w) ]/m (1.59)

P(w) = nE(w)[ 1+Y (w) ] (1. 20)

vhere the capital letters E, P, F and Y denote the Fourier
transforms of e, p, £ amd 7y respéct;vely and w is the

andular _frequéncy. If' we write P(w)=ME(ﬁ) where M is a

complex elastic modulus then using eguation 1.19 gives

B(e) = n/[1+F () 1. B Ca.21)

Now a complex wave numbér K will be defined as

K(w) = w/c - i a(w). ‘ (1.22)

A wave travelling in the positive r direction is written as:

exp[i(wt-Kr) J. This is the opposite sign cohvgntion to that

used” by Futterman (1962) and thus his complex wave number

vas the conjugate of this éne. The complex welocity Vv is

defived by

. . . \
V = w/Kk = /N/p b (1.23) -

-

wbhere » is the density. Note that ‘the elastic phase

velocity v' is defined as

v?! = Jm/p. (1.2“)

oy
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Substituting for K and M in 1.23 and\uéing B defined by 1.24

leads to .
az = v2G(y) -  (1.25)
‘ 2v'2 L
_and
c? = 2vragqw) N (1. 26)
‘ F!2 () - - : :
where
G(v) = [1+F'] t{1+r"2/(1+r')2} Va2 - 1] (1.27)
with
F(W) = F'(w) + i F" (w). B (1.28)

F'* and F" are the cosine and sine transforms of f(t)

respectively. ©Now the quality factor Q is defined such that
.

l(u = m(1+i/0). '/ . ‘ (i'.zg)
bs%ng 1.21 ,1.28 aﬁd 1.29 gives
P (w) = 0/(0241) | | (1'-30)'
aﬂd j
F'(w) =

&

-1/(Q2+1), " (1.37)

P

If we consider that Q >> 1 in order that wve can neglect

:1/uQ§ felative to 1 then 1,27 beconés
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G(w) = __FU2qw) - T (1.32)
ATE (W 3 |

. Also using 1.29 and 1.22 in equation 1.23 and again assuming

that Q >> 1 gives:
a = w/2cQ. R (1.33)

Now, substituting 1.32-into 1.26 leads td

c/v' = [ 1+F "' (w) F1/2, ' ' (1. 34)
Also substituting 1.32 to 1.34 into 1.25 gives
1/7Q = F"(w) /[ 1+#F* (w) ]. (1.35)

Note that Lomnitz's ' (1957) equation 27 and equation
1.35 are n6t the same. His equation 27 has a square root in
the denominator which could be . drrived at by assuming

c/v'=1. Hovever, this is not a necessary assumption in view
.. v 'l » Ml .
of equation 1.3u“whichlis Lomnitz's equation 28.
Lomnitz then showed how a creep function of the form
: 3
£(t) = qa/ (1+at) (t>0) (1. 36) -

<. 3 +

[}

could be uéed to“derive an expreésion for Q in terms of g
and a parameter ‘w/a where ™mav plays the role of a high,

‘frequency cutoff. For Q >> 1 and w/a << 1

H

1= qn/2_ ' . (1.37)
Q 1-qlp(Yw/a) . N y
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;/The. frequency dependence of @ glven by 1 37 1s very
usiidlar to Futterman's frequency dependence.. Savage and
.O‘Nedll (1975) Hive conpared the two theorles and(concluded=

" . that they do not d;ffer 51gn1f1cantly. Pandit and Savage‘
| (1973)' have compared values of Q- neasured wlth a resonance
technique Hlth values of Q calculated u51ng eguatlon 1 37
fuhefe '"qh and "a" yere neasured from creep experlments on

the sanme sanples. They found that the values 'agreed,

reasonaﬁiy vell. o o .

For a «constant stress applied at t=0 equation 1.36
fleads to a time dependence of the'Strain‘given by

e(t)'v‘k= po{1 + g in(1¥atf]/m;3 - ' (1.38)

Kallnln 9t al (1967) con51dered four dlfferent forms of
absorptlon’ ‘laws as’ functlons, of frequency .and u51ng

Kramers-Kronig relations derived  expressionms - for ‘the

dispersion relations associated with the given absorption

; models. Their second model gives -an absorption coefficient
of the form . - : - - , PR
a(v) = buw/(1¢dw) | | (1.39)

\

wvhere b and d are constants. ,Tnis' model has a linear
dependence on frequency for dw << .t. The associated
dispersionfrelatiqns is

c(w) = __Cfw) “(g?f . o .f1.uQ)‘.ﬁ_

- T(1-d2v2) '
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vhete 'éé;n) lsfvthe linft’fof, the pPhase Veloclty'as'the ‘
frequency becoaes ihfinite. | |

L;stricki(1967) uodeled'thewabsorptionﬁcoefficiept as
. . ’ ' i .

a(f) = bf | | | - (1.41)
lvhete‘ b isllae coustant and 0 < s - < 1. He‘deriued.a |

dispersioh‘ relation for this absorption model and-also
'fcalculated' a complex “elastie .modulds and a dynahic'
viscosity.v He compared these curves to experlmental datahl

and got reasomable agreement. Strlcklueut cnlto.calculate a

- creep fnnctaon from the complex elastic uodulus.. His

’ comparison of the creep func;;on to real  data showed
dagreement in the basic shapes of the curves but not in the
attualevalues.l" | | A

In a 1latet paper\ Strick l11970) conSLdered the same
modelv_aud developed ' n. asymptotlc expan51on for the tlme
domaiu' shape ~°f. a travelling wave ‘at large dlstance._‘He
-also. develOped‘ an ‘asymptotac.expan51on at-large d'istances
for a solid uhich. obeys an absorptlon-dlsper51on pair
similar tc the first relation given by futternan.(1962l.‘,ﬂee
used thlS expan51on to calculate the pulse shape for the’_.

example Putternan used in his paper for hls third palr. He —
'COlpared the pulses and the shapes were 51m11ar but the tlme

ls; very dlffetent. This is llkely due to approxlmatlonS'

that strlck lade 1n calculating the dlSpetSlon relatlon (hlS e

equat;on '30) . -As a result of ' these approxlnatlons h1§*>\-
’ : s -t > : '
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expre551on applies only for'frequencieS'nuoh gréatér-than.
the 1low frequencp“cutoff and\ yet' for the pulse in the |

pexample, the frequenc1es aren't 1n thls range.

"9 , ‘ B
Gladuinfaand',Staoey (197“) and' Stacey et al (1975)
examined the 'theorles é Futterman (1962), Kallnln et al
"(1967), which they credhted " to A21m1 et’ al (1968), and
‘Strick (1967) 1n terms ?f pulse rlse t1me as a functlon of
‘travel time (or dlstance). They compared observed ggxa to.
utheoretical predl;tIODSJ and 'concluded t hat Strlck';*model‘
does ino% satisfy the-neasured da ta. They thenauent.on to
greject"lFutterman!s .model as vell on:thelgroundg’that the
introductioh of - absorption 'had' caused'an increase in the
phase and group veloc1t1es such that the attenuated pulses
arrived . /earller ~than .expeoted on the‘bgsls of au elastlc

T

. VelOCltﬂ/ calcualted from a -purely elastic nodel (one'ln

~ which Tthere;'is no - absorption). As has been_poiuted’by_
(1976) “t-heir oonclusionﬂﬁapbéars .to be based on a

nisunderstanding of‘.Futterman's theopy Wwhich arises fromn

"‘_interpreti g c@?_of 'eguatlon 1. 15 as the elastlc veloc1ty.

Inl“fact as«Savage poxnted out c° is the low freguency 11m1t
of.'the phase veloc;ty and the elastlc veloc1ty should be
taken as the high'frequency iimit. In acceptlng;the theory
,ofh Kalinin et.al'they used the high'freguehcy liuit“as the

_elastiqffvelocity,' and if this is also done in Putternan's

.theory there'-is no problen and the theory should not be =

rejected; StaCey . et al (1975) also ,suggested that

Futterman's behavzour of Q 'as the’ frequency approaches zero



Bf
is incorrect as it i uot'consistent,uith creefp under steagy,
J.stnain.‘ since t he theorj is'not.supposed to be valid below
a low freguency cutorr' this criticism seenms unimportantr
Louniti (1957) has shown.that internal friction.iS‘part of
"thefsame;phenomeuun-that':roduCes creep. ‘Thus’the'rejection-
of Putternanis theory‘in couparison‘to that of Kalinin et al
vseens to be based ou incorrect reasons. In fadyyéalinin et
al‘ used _the same approach as Futtermau in calcuatlng thelr :

dlsperSLOn. ' : . oo )

Stacey et al " (1975) vent On‘to'cousider vhether the
dbSOrption theory“ should ,be”‘a' iiuear (superposztlon
priuciple ‘is.'velid) or vnou—llnear one. They p01nted out
'thatp ai,linear theory suggests an elllptlcal stress—straln
hfsteresis loop whlle eVLdence reported by HcKavanagh and

Stacey (197&) 1nd1cates that the loop is cusped at the. ends.

They did .conclude, hoéﬁver, that in the absence of more.

o - ]

conclu51ve ev1dence a llnear theory should be used. Brennen
:and Stacey (1977) report the ,measurement of ellipticel'

(hystere51s loops vhlch supports the idea: of a llnear theory.

Another ‘model wvhich  has ;been';proposed for -the.

'ahsofption ~mechanisa - is that of the standard linear solid. '

This 'nodei is vell described by Zener (19“8). For this

‘nodel the stress—straln relation 15'

n

P+ t1p = my(e + ta0) - (1.42')

where the dot‘ indicates.,tine'~di£ferentiatiou,.m; is a‘,u



..1 ot
=3
s

relaxed _@pduius and ti1 and tz:are_rélaxatidn times. For a

constant étreSS p°® applied at t=0 the strain as a function

‘of time is .
e(t) = po[1 - (1-f;/¥z)-xp(-t/tz)]/m . (1.43)
whef-e - ‘
t2/t1 = ma/my | (1. 64)
and m.z‘is the unrelaxed mddulus.: '\\\,
At t=0 . )
N e = p%/mz . o v (1.45a)
and at infinite time : 7 v -
v SRR e = p¥/mye (1.45b)
: : . ~
Fouri er tranéfornihg eguaﬂ.ﬁn 1.42 yields
P(w) = my (1+iwta) E(w)s (1.°46)
c (1+iwty) . o
) § =
,Defining a ccnpléx‘modulus M as in7eguation1.29 yields
L= mitamte) (1-47).
Q 1+w2t, to ' :
."‘ - . ’ : :
Using 1.44 and defining . o
erins )
th= (ty12)1/2 ) | “‘%L

lehds'tq
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L= __wt'  (mo=@ms) . O (1.49)
Q 1+w2¢02 (m m, )12, .

.
g

This eguation,predicts that'Q‘will not be nearly constant as

a function of frequency but rather will have a a deflnlte

,peak llke 4 rLesonanc¢e curve.

Liu et al (1976) have shown that the concept of a

’

relaxation spectrum:can lead to a Q that is nearly constant

over a band of frequencies. They glve an example in vhlch a

spectrum of 12 dlfferent relaxation times leads to a @ value

thatﬁ is essentlally constant over five decades‘of'frequency

and an alsorption coefficient that is a linear function of

'freguenCyf over 'the same range. They " showed ‘that the

dispersion relationk for such a model is the same as that

arising from Futterman's theory. Thus the two theories are

"gui te similar within the range where the absorption

coefficient is proportlonal to the first pdier of frequency

but are different outside thxs.rauge.

-

3

-
0

ur

. The nmodels discussed in the prev1ous ‘sectiorn were all

'phenomenolbgical ‘which neang that they dealt with - a

macroscopic descrlption of the absorptlon mechanlsm but did

.not 'look ‘at. the mlcroscoplc causes of the absorptlon.. in

this sectlon some of these possxble ‘causes wlll be exanlned.
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Treitel (1959) considered the fact that all real . -

materlals have a flnxte thermal cgﬁduct1v1ty and as a result

=tress waves will ‘suffer - energy losses ’due "to heat
conduction. As the solid is compresSed or .eiponded_
mechanical energy .is .converted to heat /cnergy and the
compressed parts are warmer than the rarlfled parts. Since
there is no volume change'§55001ated Hlth,q shear wvave this
'typérof loss would only apply 40 a compressional wave. 'Hé%t
flows because the conductivity.is not zero and egergy 1oss
occurs. Thic type of loss is referred to asgtherooelastic
loss. Treitel showed that for this mechanism .of energy loss
‘"t he absorption coefficient was proportidnal to the square of
frequency. He also cAlculated t&eoretical values of the
.absorption coefficient for rock and copper and showed that
these values are much less than méasured values at seismic

frequencies. This led him to conclude that losses'of this

type were either absent or too small to be detected.
. f - a
Knopoff and MacDonald (1960) reviewed three mechanisms

of energy loss. . These are thermoelastic iosses, Bayléigh
scatteringy lesses and loss 'in ferro-magnetlc materlals.

They concluded that it 15 unlxkely that any of these losses

b

are importagt in geophysical problems . at seismic

.-

fréquencies. They also suggested a solid-friction model

3

which can explain éh ‘linear frequency dependence of the
b

absorption coefficient. This type of model bhas been
described by Knopoff (1956). For plane waves propogating in
ond dimension this model has a differeotial equation of the

¢
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form

€2 {1+ _1__9_ 13 (1.50)
St 3

1viQ

The second term on the left represents a frictional force-

where .the friction varies, as the gradiént of thé local

. Stress. This sort of friction is Jjustified by assuming that

there is opportunlty for relative motion between grains and
th at this motion is limited. As the relative displacemants
(and. thus.the stress gradieats) inqrease the friction may be -
tﬁought of as incfeasing also. In using this model Knopoff
didn't allow for dispersion uhich must exist élong with the
absorption due to causality. Also note that this equaﬁiqn

leads to a,non-linear theory. ®

. < .

% . N\ ]
JSavage {1965) has considergq/ losses due to
intergranular thétmal.'chrrentsQ In |a rock there will be -
regions of ét;ain ~comncentration “such\ as ,dlntacb éoints
between grains or the Qolume surrohﬁdinq cracks or‘pcre
spaces. Volunme cﬁanges in these rééions produce temperature
fluctuati§ns‘ and absorptica o;curs due to tbermoelagkic
loss. Notk that this mechanisﬁ acts directly only on
compresSional waves but ban”,also act on a shear wave
indirectly -due to the inhomogeneity caused hy éhé strain
concentrations. ‘ This mechapism can be described by a
relaxdtion mechanisa and a characteristic relaxation time.
Savage showed that the relaxation time is related to the

size of the strain concentration and that a spectrum of such
~ot

] L o

-

- P .



sizes will lead to a constant Q.

‘ “ P .

.Gordon and Nelson (1966) 'fév%é:eﬂ possible lbss
mechanisums. They mentioned nine possible mechanism4. Two
of thes€ were diffraction and scattering which'afé really
geometrical effécts and don't indiqgte the‘abgoréil;n of thé
medium. \A third mechanisn that~£hey mentioned is magnetic
damping. Since 'this is only present in magnetic mgterials
it is not considereg. Thermodlastic damping has alreading

’
been  discussed and it is not important at seismic

trequencies for normal rocks. ‘ A

A fifth mechgqism vhich they méntioned and which isa-
Iikely very important is frictional sliding at cracks or
unbonded gfﬁin boundaciés. When an alternating stress is -
appliéd to ap - unbonded boundary 'sliding is expected to
occur . This sliding will cause the strqss~stra£n c;rvé to
tréce outr ap elliptical hysteresis loop- This mechanisn

leade tn a value of Qigbich is indapeaﬁcnt of; fregnenCy and

can be mathematically described by a cnmpler elastic
modul us. It is hrnlieven that thi«= is the main sonrro of
internal Fricrting in vecoka Ak 1nw prer=sures and

temperatnregs,

A sixth type of Joss 1is that due to viscous grain

boundary dawping. In this mechanism there is a trelaxation
; e o7 . .
of stress at grain boundaries. This werhanisn has a Q given

by
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1=D __wt' . (1. 57)
Q 1+y2gr2 1
where D is the relaxation strength which is a fatio.of the
greatest nos-elastic stress to the elastic strain. t' is a
Iy N [N .
relaxatior timé which varies with temperature T acrcording to

an eguation of the farm ‘

~
bl

E' - toexp (< /kT) (1. 52)

v

vhere ¢ 1is am activation energy and k is Boltzman's
constant. WguaPion 1.51 is essentially the same as equation
1.49  where n i defined as (m,wm.)/(m,a,)'/{_qg (mp*;"/mi
or (u,-ﬁ;)/m: (see 7Zener, 1648 pp ©66)L Fxperiments on
metals have shown well defined damping peaks as predinted by

equation 1. 51 which are absent in single crystals. These

feaks may he smeared due to a spectrum of vrelaxation times.

A Egﬁenrh t}pe of %nss is stress irdnced ordering.
Under this mechanisp there is a thermally activated
redistribution of ;toms or defects on the lattice sites of a
crystal ﬁnder the influenc> of an external strogs.

[

Fauations 1. 51 apnd 1.682 Adescrire this mechapism.
A

i

An eighth typofbf loss is associated with dislocations.

An applied stress may cause motiop of dislocations in the
crystal and relief of stress. ~FEquations 1.5f and 1.52
&éscribe this loss also. At high xemperafure;'an applied

stress can tear dislocations ir:eversibly'away from impurity

atons. ¥o specific frequency dependence is predicted in



this . latter case but this mechanism will be amplitude

dependent.

H ) .
° The ninth type of absorption is that due to the
presence of a fluid in a porous rock and is described by a

theory by Blot (1956, 1962a, 1962b). This was discussed

N
earlier. <f~

Jackson and Anderson. (5970) reviewved absosption
mechanisms in an attempt 'to“faecide the nmost prcbable
mechasisms of absorption in the msntle- Ir this thesis we
are copcerned with absorptlon in the sedlmentary layers of
t ke extreue\ufper crust so that their conc lusions may not be
valid for us but their descriptions of mechanlsms are
useful. They divided the absorgption losses icrto four

classes, nanely, damped resonance losses, static hysteresis

losses, relaxation losses and viscosity losses.

-

Damped resonance 1losses are associated with work dore
at a poist in a solid against a restoring force which is.
- proportional: to relatlve velocity. This loss applies to
forced resonance of dislocations iéhtheis potential wells.“
This is a high freguency ldss mechariser that can bf
rejected.

The static ‘hysteresis ‘losses include.sliding across
cracks or ‘at gra;n boundarles. This mechanism was discussed

earlier and is llkely the most lmportant loss mechanlsp for

Sedimentary tocks, especially at low pressures. There is a
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hysteresis“~§ssocié£ed with tpating~ of disldsations from
'impuiity a;omsf}‘ This 1loss ‘generally give; fé f requency
independent Q and is‘inpperétive below a certain fh:eshold
.strain. It vill _be neélected on the assumption that the
strains ;aré too small. Bhatia 11967)'sﬁbwed-thét there can

also be an amplitude independent type of hysteresis loss
. 4 N . |

N
L221N

associated with dislocations. ' S,
- >

Re;axation' mechanisas are generally described by

-

equations 1.51 and 1.52. Thermoe}astic losses are one form
of reiéxation/'loss. As has been .§ointed earlier thgée
losses are [(negligible at seisnmic freguenéies.~ ﬁackson and
4 L
Anderson _$yggested that the séme iikely applies to
intergranular thermai currents. fhg\calculation of Savage
(1966) might dispute this. Relaxations associated:with
dislocations can also likely be neglected at oyr frequencies
and temperatures. There are several mechahisks caused by
,rearrangement,fof ato;s into a positionxof lower-Gibbs free
energy %}n, a‘ stressed state but these are 1likely not
impo;tank. at. seiSmié frequencies. Relaxations assocjated
with phase changes will iikelq Lot occur in the sediments.

Grain boundary relaxations were discussed earlier and these

may account for fome absorption in our range of interest.
o

The viscous mechanism which Jackson and Anderson
"discussed is associated with the mechanism of melting and

‘would therefore not concern us. .

-

o
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Johnston et al (1979) have dlscussed absorptlon of a
dry rbck natrlx and also the effect of a saturatlng fluld in

;the matrix on the absorptlon. They suggest that Q of the

'dry. WHt:ii is composed of tvo factors,, The first ls an

idtriasic elasticity which ;svlatge (Iittle absOtption),and
can usually be neqiected inxgine;als: Ihc.second factcr is
,frictional' diss ipation due lto relaéivé motlons at grain
boundarles and at crack surfaces and is very meortant. Ore
of .the effects of saturatlng a . dry rock is to lubricate the
cracks ,vhlch leads .to more,slldlng and greater frictional
1oss.‘ 'Fiuid flow -is alsofpreséht in a saturated rock and
leads to assorptiop. as descriced by thé theories.of.Biot
(1956, 1S962a, 19€2b). In addition to Biot fluid flov they
. anlude a loss due to. "squirt flow" vhlch is unduced between
.adjacent cracks due to the relatlve volume change caused by
a stress wave. They present a formulatlon for calculatlng
. this 1loss. They also dlscuss thc, effects_ b: . partial
saturation ftom a 'qualitive point of viev. The last loss

mechanism they include in their hodel is the geometrical

effect ofascattering. They fit a model incorporating all of

these loss mechanlsms to real data measured as a functlon of

g
pressure for dry and saturated Berea sandstone at ultrasonlc

frequencies and then ext:apolate to other frequerncies. They
pgesent‘extrapolated cgrvesvof the absorption coefficient”as
a fudcticn"of -frequéncy for P waves in Berea sandstcnevat
.sﬁrface. pressﬁre and at a depth of tea tﬁousand feet (3.05°

kilometers). Thgse curves show that . the main source . of
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absorption at seismic frequencies for both depths will be:
frictional sliding. This means that at seismic frequencies
the absorption céefficient_ vill be essentially a linear -

function of fregquency.

- ‘In’ conclusion it ,ssens ‘that the  most ihportaﬁt
'abso;ptipp mechahésm fdrlnsedimentarj rocks at seismic
f~fre4uencies‘ would be sliding atfcracks or grain baundaries.
This. mechanlsm can be descrlbea in terams «of a phase angle
between stress and straln which leads to a hysteresis loop.'
We can mathematlcally model this ,vlth a compiex elastic
modulas. 'fﬁis.‘typé of loss is not Hell'nnderstood.‘ There

a

have "been theoriesf by White (i966) and ﬁalsh (1966):to3
attempt to explaln it; howevat:? they are not entirely‘
satlsfactory. Winkler et al (1979) suggest that thls type
of “loss is uot. lmportant at low straius snch as those |
associated vith seismic vaves. Their teasbhigg is based on
t he assumption‘ that'“a c:ack'uust-sliae a cettaiﬂ»miﬂimui

distances (of the 6rdar ofh atomic spacing). There is no.
reron 'givén. as to .vhy- they féel_that this is the case..
They ‘alsos show -that at higher strains (above 10=6) the
abSorptipn '.and velocity . depend on strain. aiplitade.

Johnston et al (1979) in an eice;lent papsr rate sliding as

' the most important-cause gf'abSOrption;
A second source of absorption could be in a relaxation
mechanis@ such as grain boundary dampifg, intergranular

theraal ‘Curre ts, or pbsSibly stress-iAduced ordétipg; If
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o
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these' nechanisns are present then it vomld seén that there-ly
nustd be a spectrun of relaxatlon tlnes 1m order to’ account
for  the . experxmental ev1dence that o ls essentlally
independent .of frequency. A= vas nentloned earlner, L1u et
al. (1976) have shovn that 1n the case of nearly constant Q
.due“hto ,; spectrum .Of relaxatlon times the dlsper51on.

'.relation in' the frequency range where Q is nearly constant

is the same as that of Futteruan (1962).v

4 S : :
A thlrd p0551hle source of absorptlon is tke presence_'

of ‘a' fluld ia 'a porous medlun. Stoll (1977) outllned 1n

-good detall a mathematlcal model for thls s;tuatlon based on -

"the ‘works of Blot 08956, lggba, 1962b).~ Ihls model allows-l
for . two methods of energy loss.. ‘The f;rst is due to"
intergranularu skeletal losses and is descr1bed9by a complex'
elastlc' modulus. The second conmes from 71scous losses
-assoclateélnulth notlon' of the fluld in. the pores. 'The.

experlmental data vhlch .was reV1eued ear11er vould suggest

that the frame losses generally domlna%e._d



.. s, 2. SYNTHETIC SEISMOGRANS
2.1 Plape Haves at Vertical ;gg;ggggg';pclnding_gbsqrptigg

e

‘In ‘thlS se;tlanfpav netnod” for tgen calCnlatipn.'of -
synthetlc ’sezsniog-raf'm:c "ﬁhichdu lnclude B the effects 6f
absorptlon and dlspersion vlll be outlined. Thls method

J ahlch - can be used to produce normal 1nc1den¢e synthetlcv“
;selsmognans :for plane HaVe= propogatlng ln a flat layered
-'.nodel;n; is a nodlflcatlon of the 'communlcatlon theory
| apprOacn? no‘ synthetlc selsnograms.ﬂ Detalls of thls method .
pcan: be found in papers ‘by Baranov and Kunetz (1960),
) Huenschel (1960), uoupllland (1961), Kunetz and D'ErceVLlle
(1962)., Trorey (1962),‘ Knnetz_(1964), Sherwood and Tro:eyd
(1965),-vDatby fandflﬁeidelll (1966), 'Treitel andeoblnson
“(1966)," Robinson (1967, .1968) , Claerbout. (1968) ‘and Robinson
fanmereltela(l9775;' I .

Consider .a plane compressiornal vave pfopoéating'in'ﬁhe

 positive 2 .difectibn.' The elastic wvave eqnation;can“be

" written stf

Wag @

where‘ n 1s an elastlc cantant, p is the denszty, c: is the"
o phase velocxty and u is the dlsplacenent in the z directlon."
In this . case the solntion to eguatlon 2.1 has the form
vaﬁé A qxp[i(vtekzyai4gaiexp[i(ut4k;xjf o (2.2)
, 7, X : C T . .
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-where -the A ’iéri ‘;eprésents. a vave vprppogatgné in;the
‘positiye°'rlidire6tion, and,'thel.Bf germ'represents“a vave
. pfopogatingi‘in thes negative zuldiréction.; klissthe que'
"number'nand. is equal to the angular freguency v dxvrdeﬂ by

the phase veloc1ty c.'
' Now, in the ‘case of exponentlal attenuatlonv wlth _

k)

-dlstance, a’ solutron to the vave equatlon Hlll be wrltten as

n:= Afexp[4azii(ktwkzmj + B exp[az#i(vt*kri]n‘ :_ (2.3)p'.

.uhere "a" is the aosorptlon cceffrcrent.r It'must~betpbinted.
dut that eguatlon 24 3 has been arbltrarlly selected .as av
solution | in. the presence of absorptlon. A simple
tmathenatical',modif;catlcn can' be made,to-eqaation 2;1 in’
orger.‘ thatv' eguatlon 2.3r'vill* be. _an solutlon. Thls
":mcdiflcation'5isi:to let the elastlc constant, velOC1ty and
wave numter be complex as glven hy equatlons 1. 29 1;23:an§

'”'1:22hrespect1vely. ,Equatlon;Z.J As now yrltten as

2y = md2p = vedzy (24
3tz  P3z2 °  3zz . o

L

vhere,,M,'iSI a’ conplex‘felastlc constant, v is thGVCOmplex
*velocityl‘and'.n is the displacenent'pas a fnncticna‘of;
'fregnencj. The fact that M is. conplex Ehplles that‘there is
;° phase' dlfference between stress and straln. Thls phase l
fdifference leads to an elllptlcal stress-strain curve wherea”
. the area _of the elllpse vlll he proportlonal to the energyh
: ‘loss‘ per cycle (thte, 1965, pp, 96). - qlll,be-a conplex'

< N

4



fﬁneticn of freqnency and !ill have the regulrenent that}
M(w) eguals u*(w) vhere .* denotes the complex conjugate."
»_This- vill Ensure that the tlne domalh exptession of u 1sl’

'real
./ Now, let
V=W e v"fl‘ @

vhere v'. and v"_are the real and 1mag1nary components of ‘the ..
¢omplex veloc1ty. Substltutlng eguatlous 1.22 and 2 5 into

' equatid§&1.23.and_equatlng'real'and imaginary pants_giVes_'

vt

o=t (arkn. S R

sub%titﬁtihg equafion:1;29“int0'1,23 and eliminatinj n leads
to o I L o ‘

b N " " ;. ' .. N B ' 0 - .
,a/k,='}gz+151/z -'Q;f, N | (2.8).? )

ANov taklng Q>>1 so that 1/“Q2 is negllglble Hlth respect to.

1 rednces this equation to
ask 2120 0 | o (229)"
'orf

adwzee. o L@ade
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Thus equation 2.6 becomes A.Q
R ' ' S . ) , » A
= gty o ' N (
v 'Y./ZQf | N
T . R :
Substituping equationsz.efihto‘equation.2.7 gives

-

Vst e (-veyz ) i)

For' . € >> ‘1>(heglecting 1/4Q2 relative to 1) equatiop‘2.12
) ’ : ",. h . C . . N

becomes

vi'te, S (2. 13)

Havang lntroduced the mathematlcal representation uhlch'
Hlll be .used for the absorptlon model,‘lt is now neoassaryk
;o consider the reflectlon ,andj transmiSsion 0f normal
. .incidence plane- wavee at a boundary. ”wConsiaer a plaue'

_boundary.laé‘ shoun in /Elgure 2. 1. Let a uave'of uéit
r'displacement amplltudd glven by exp[l(wt K'z] be 1nc1dent-
- frou'vmeuiuh 1. T - reflected uave in medium j will be

Rexp[1(ut+K'z)] and/the transmltted wave in medlum 2. wlll be

' Texp[;(wt K"z)]

'In ‘order to satlsfy the boundary condiﬁﬁons the'
dlsplacement and bhe nornal stress must be contlnuous across

. the’ boundary. The norlal strecs ls glven by

R

' N uég IR | (2. 14)
- ' . : : . - .az. , ’ : : . )

) " v ’ ‘ - . RO “ ; . o~

;If we 1et the. boﬁndary be at z-O, then the cbntlnulty of

displacelent gives LT e



8
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- Figure 2.1 Tke refleotion and transmission at a rounderys
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1+R=T L | (2. 15)

and the continuity of normal .stress gives
L] i - . ' vl/‘

M'K' (1-B) = TMWK" . (2. 16)

s

. i - . S
vhere the prime refers to the medius 1 and’ the double prime-
to. medium 2. .Eguatiqns 2.15 and 2.16 can.be solved for R
and T giving

R - MIKI-' "K“
T WRTE MR .

and

T = __2M'E'__ .
. MYK'+ MUK, .

,-suhstituting‘ihto ghe.above two equations from eguation 1.23

gives
Lo

| N Y - (2- 17)
e % . PIVI 4 pnym '
and . _ Co ;
T = _20tve (2. 18)

. pi“vi+paoyol.
oL -

Thus the ‘fprmulas for the r@tiectiqn‘ énd ttAﬁSnission'
,coeffiéienté‘ are the same -as in the‘elastic-caseglé&sépt;
:that théxphase velocity is. replaéed by fhe compléx velocitf.\
Note .that R and T are now conplex functlons of frequency.
Eguatlon 2.17 can be shovn to be the sane eguatlon for the .:

refle;tion . cogff;cignt as that given by. Averbukh and
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1

Trapeznikova (1972) or bergpwé'and Alhilaii {(1975). Their

formulas are in terms of the phase velocity.

/s
"It is interesting to observe: what happéns to “the
reflection coefficient if Q is constant at a bougdary. By
equations 2.5, 2.6, 2.8, 2.12 .and 2.17 it can easily be
shown that in this case

R = plcli=plch
' plct+plicn,

Q.')
tsimilarly,

T = __2p'c?

—_—— e

plctepicn,
'Thus for “a constant Q interface, the reflection and
transmission cqefficiénts - are real constants ‘and the
fbfnu;as qré the samqﬂ;s in tﬁé elastic case. 1In general,
ﬁowevef,' if Q isjnot conséant atgg Eoundary R and T will be
'complex .functioh;\ of frequency.: The fact that they are
complex indicates a phase .cﬂange on reflection or

transaission.
7

The synthetic seismdgram equations for a flat layered
model  will nov be considered. If D(i) is the spegtram of
the downgoing wave at the top of 1ajer i, then the downgoing

wave at the bottom of layer i is given by

o D' (i) = D(i)exp{-ad Jexp[-ivd/c] (2-19)

vhere d is' the thickpess of the i'th layer and c is the
D < )

I3
-~ o

v

/

—
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phase velocity in the i’th layer. Th%_first exponential
tern répresents‘the energy loss due to the\absorption as the
wave propogates from the top to the bottom of the layer.
The complex expogential “term represents tﬁe time delay in
traveling through ihis layer. Since the préseﬁce of
absorption requireég the presence . of dispersion,lthen the
phase velocity will be a function of frequency. In a
similar manner U'(i) (. the  uwpgoing wa€e'spectrum at the
bottom of 'layer i) +is related to U(i)‘( the upgoing’wavg

spectrum at the top of layer i) by ' J

-

Ur(i) = U(i)?xp[ad]exp[iwd/c]a (2.20)

Pigurg 2.2 shows the relatioﬁshipéhetkéem’thg wvaves at thee
top and ;;ztom'of layer i,
N
'Tthexpo;ential loss in the medium is the qajor fors of
frequency dependept loss. Hoﬁever, there is also the

frequency dependence of the reflection and transmissionl
/ 3

-

coefficients to account for. Now consider an interface as
shown in figuré 2.3. The upgoing wave in layer i is made up
of two parts, that due to the transmissiop of the upgoing
wave from layer i+1 and that dﬁe to the tefléction of the
downgoing vave in layer i. Likewise the downgoing wave.in
layer 4i+1 i5 made of the reflected part of the'uﬁgoing vave.,.-
in layer i+1 and the transmitted part of the.dogpgping wvave
in layer i: If R and T are the reflection and fr%nsmissidn
coefficients for incidenée from above an interface a;a R*

and T' are the reflection and transmissioh coefficients for

o
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D) ‘L rw T

D'U) = Ditde ”ade"ia’/ €

h &+

U = Uipe®delvd/e.

. .

‘Plgure 2.2 Ihe relatxcnsh;p cf vaves at the top and cottom
Lo ofglayer. . o | ‘o

w



LAYER 1-

LAYER 1+

Figure 2.3
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W  rw

DU, uuen
»

T

DU+ = TD'W + RUAH)

U'W) = RDW) + TUU+Y

“a

o

The relatlonshlp of npgo;nq and dpungoan vaves
at an 1nterface.

~
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incidence f?on'belov‘an_interfacé then

\;n;(i) ; ﬁbl(i?lo T'U(ifi) | : : (2.21;
an@

"0(1*1)";.TD'(1) *lB;U(i*1)$ ‘12-22)
From egua£ion 2.17 it islapparént.that

R' = -R. 4. (2423)

Also, from equations 2.15 aﬁd 2.23

TT *-RR* = 1. ‘ L (2.24)

Using equations 2.271 tc 2.24 it félloﬁsﬁthét’

" D'(i) = [D(i+1)+RU(i+1) VT . (2. 25) -
and - | | . ” ' -
U' (i) = [RD(i+1)+0(i+1) Iz~ . (2.26)

: Comtining‘ equations 2.25 and 2.26 with eguations 2.19 and

2.20 gives o o 2

D(i) = exp[iKd ) [D(i+1) +RU (i+1) /T C(@.27)
and

O(i) = exp[ -iKd] [RD(i¢+1)+U(i+} VT

. (2.28) .

. uhefevsK is the“conplex.propégétiOn constant for layer i and

is -.givem by eqiation' 1.22. ﬁéwriting' the above two o

a

.
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equations in matrix form gives

D (i) | D(i+1) ] S
= a) | | (24,29)
O(i) U(ien) | C s '

vhere

' exp[in] Rexp[lxd] - .
A(i) 1 - , (2. 30)
o T. Rexp[-lxd] expfi-iKd) -

\ f

For a model of n layers the waves in the first la&er are
related to those iqf’ihe_ n+1'th Layet' by successive

applications of equation 2.29 tc yield

S

1 b(m . [p(n+¢n) . ,
= AaMma(2)...r(n) - o {2-31)
u() o U@+n|  °

If the input is a downgoing spike at time zero at the
surface, thepn the ' total dbvngoing wave in the first layer

will® .be .made\\gf: of this”%pike‘plus the feflectioﬁ'of the
R b "e_«.:_a'!l‘.._ ' N

upgoing ' wave fro \Ehe surface. If r is the réflectlon
'coeffiCient. of - the surface as-seen from aboge, then -r is

t he :eflection COefflcxent of ﬁhe Surface for"ungLng yaves
. . \\4 ~

in the first iayer. Thus o : -+

D(1) = 1-rU(1). o - -(2;32)

EQuation '2 32 'gives the total down901ng vave in the top,
.1ayer sance no energy “is lnput from above the nodel.e If the
- bottom or n*l'th layer is a half space, then there ‘can "be no

* ‘\
upgoing wave in this. laye:.. Thus

.
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g

Unet) =0, o (2.33)
aj'Suhstitnting equations '2.32. and . 2.33 into egﬁaticn'2.31
gives ‘

V——
o

1-c0 (1)  Toqme |
' = A(YaA(2)ecad(n) | R (2. 34),
u(1) _ 0 :

' Equation é.3u is two egquations im two unknowns. Cne'unkndun
. is Uiﬂ)- vhich is the Four;er transform’ of the upgo;ng wave
'n--;aYer 1 and the other unknown is D(n+1) whlch is the
rourier' transform of the downgoing wave 1n the,half space.
The. Pourler transform of the surface synthetlc selsmogram 'f
X(w), is glven by the sum of the upgo;ng and. downgo;ng waves

~

at the surface. Thus -

X () = (1-:)3(1)f1. | "}2.35)

ifherefore, 'given- in. n layer mcdel it is'possible tc
calculate the Fourier transforn -of the surface syndetic
seismogram- for anm lnltlal downgoxng spike at the surface.
~This Fourier transform can be multlplled by the’ fourler.;
transform of ‘the wavelet if a wavelet dlfferent from a splke .

L4

is des1red as the lnput uavelet.‘

It , must i bé_‘remembered.'that. equation 2.34.ris a.
continuous - fréquencj .function, V‘If"a discrete Fourler'
=:tramsform isz‘going "to be -used, it is necessary to sample
thts function nat‘ some freguency spacxng af. lhls spac1ng

'.must _be small enough that for times greaﬁer than T-1/df the




u

'Eequatlon 2. 28 by equation 2. 27 glves ;}

~where

L

k)

' If such ls .not- the case, the amplltudes at tlmes greater

.aiplitude of the synthetlc seisnogran is negllgmbly SnaIl.;‘

thank‘T will .be allased back 1nto the pr1nc1ple time band"

-

from: 0 to T. This 1s the analogous case to sampllqg in ‘the -

neglljible _beyond the Nyqulst freguencx-' The spac1ng of

1

o

time domaln vhere the requlrement is that the amplltud be

-poants in the tlne doialn Hlll be controlled by the maxlmum;f

freguency that is used,xn the-frequency domaln before the. :

discrete Fourier transforp is _applied. If this- max1mum

frequency is F then the sample Lutervalg, dt, is dt«1/2F,

-
L *’

The - matrix formulation 8x equation 2. 31 has’ the

°

advantage that it can be u=ed ‘to generate the response ih

any layer. If- ve are 1nterested 1n a surface synthetlc

=

¥ (i)

exp[-21Kd] E+Y11+11 o "'(2-36)
1+R¥(1+1) : . : .

Y

U /D) o (23]

Y (i)

Y (1) is'_the‘ ratlo-'of the spectrum of - the upqoang wave in

DA

'selsmogram only, :a Elfferent approach can te used. Lnlvkdinghf

layer i - to the spectrun of the dovngOLng wave 1n layer 1. .

For au .n layer nodel over ‘a half-space !(n+1) O. Equatlon’5"'

L

"2;36 can’ be SﬂCCGSSlvelY applled from the bottom layer to"'-

the-'surface untll !(1) Ls solved for. Then usxng eqnatlons‘

2.32 and 2.37 the up901ng vave 1n layer 1 can be solved for,

 ”5%§;;l;

N




s~

‘apply. ', B ‘ | ‘f' . L

S
/ /

| and the surface Synthetlc sexsnogran can bé/calcnlated from
. equatxon 2.35.~ Bguatlon 2. 36 1s a contlnuous fnnction of

'.freéuency and the~ prevzous connents about sampllng Stlll

-

It is inportant to note that eguations. 2.31 and 2.36

- have . not . been vrltten as z transforms, but rather they have'
been left as- funct10n< of frequency for layers of specxfled

' _th;ckness. 'The reascn for thls '1s that the presence of

\

absorption.'aiso requlres the presenceéof dlsper51on, and
J

hence, tbe'atravel tlme through each ‘layer will nottbe a

v,

cohstant: at all frequencxes. It is-also important to note -

that eyen‘,in- the case where there is no absorptlon ‘the

: formulaticn of - these equatlons could be'used to calculatef

-are not 1ntegral multlples of the sample 1nterval.

'(synthetlc selsmograms for nodels Hhere all layer thlcknesses4u

In- the llmlt as zero frequency is approached there ls:‘

‘no dlSper510n and the phase veloc1ty approaches co. The

“

reflection and. transmxss10n coeff1c1ents are real ‘and at

N ®

.2er0»freguency will be deflned by_ L

: : R = prgli-pwcom - N . (2.38)
¥ 4 prcotgpncon . ’ . Co .
T=___2picot 0 (2:39)



‘_" S o R 6#]
mhe absorptlon nodel being used in thls thesis 1s glven
“appraxlmately by egnatlons 1. 1 and 1. 13 to 1. 15.‘ Eguatxonf‘
1. 13 is an approxlnatzon Uhlch is valid for large Q Uhlle‘
the exact express is glven by eguatlon 2.8 whlch can be

T

.written as

= [(Q2+y¥/2-Qlw/c. . = mz;*go)"' "
If Q1 .1.s giefin_é,d as °
. T T N
then ‘ ’
2= V/ZCQF‘=lH(2C§QP. JngVg "fv.“_ (2;u2y“
P - . e R L

‘Equation 1.1u vlll actually descrzbe the varlatlon of ¢t and'
‘mot ' Q Vlth frequency for v >> yé."ror large Qo Q' ls-g
:aPproximatély egual -tq Q- | The absorptlon model whlch ls”'
.used in_ thlS the51s is given by eguatlons 11 and 2.42 Hlth‘

. the dlsper510n relatlon glven by 1.15 and 1s valld for w >>

‘ﬁo. . ' o : : "' N

‘gEguationé' é;di and 1. 15 allow the calculatlon of "a"'

-e}' ahd-“Qf'as. fdnctlons oi fregnency. ‘At zero freguency,fﬂ'
eguafibns:iZ'BB and 2 39 are nsed for B and T and at hxgher
efffeéeghcies eguations 2.17‘ and 2.18 are nsed ulth-the gH

‘ conplex veloclty .éste functlon of freguency glven by;

:.eguatlons 2 5 to 'Q;B,‘ or by equations 24 5 to 27 and 2.9”»'

where Q 1n 2 9 1s replaced by Q' giVen by 2. u1.f‘Hith thesee

eguatlons and equations 2 30, 2 3u and 2.35 or 2.32, andf,

: o



. r

e

2.35 to. 2. 37. it il's'; possible to 'cal,culaﬁt'e’fa"-sy-nthetic

seisnogram in ‘the frequency donain;h This can be Fourier

‘:transforned 1nto the tine donain, but consideration nust be I

given to s!.ecting df ap;ropriately so as. to av01d aliasing

'in the time domain.v

canu".he- minimized ’by multiplying the frequency. domainr

VHV:appropriate' anti-alias fiiter, as suggested by Kaiser.-ﬁ

for ‘the calculation of " the synthetic seismogram in theh*'

‘frequency domaini 1nclud1ng the effects ,of an anti-alias';7"

[y

A . . T . '

;nother poznt to con51der is that in order to perform

'the:fdiscrete ‘rourier transform it is necessary to cut the

data off -at sone' nigh frequency. Th1s~is equivalent to

fnultiplication of the spectrum by a boxcar in the freéquency
domain vhich is the same as conVolution w1th a'sinc‘function

”'1n the time domain. This can have undeSiraole.effects 51nqe

we have, in effect, 1gnored the contrlbutions of frequen~ies.l'

' beyond some maximum frequency.w-These unde51rab1e effects ,

‘ fsynthetic ) seismogram .by. ‘the transfer."functiOn"of ‘an

(1963) , so that the amplitudes beyond this maximum freguency

'are negligihl .f The time donain seismogram can then be used-
to’ approxinate the synthetic seisnogram that uould Hare been ’

"‘recorded through thlS anti-alias filter.

I%‘

Theﬂ important pOint to emphasxze is that the equationsy

filter 'can ‘be vtit - using the frequency f as a continuousf
variable. : Hovever,, in- order to calculate a. synthetic'

seisnogral.fon_ﬁa_ digital conputer, it fis necessary to . .

Y

¢
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discretize these eguatlons.v Thls can be done by evaluatlng,
;the frequenqy donaxn express10ns at-dlscrete frequencles”
b.separated by df.‘ It 1s necessary to chbose df suff;c:ently
'snall ‘in order to .n1n1nzze the . effects of time domaln

alias;ng._ Ihrs approach leads to satlsfactory results on a

_ dlgltal conputer..

~ Egp;t;ohs 2.31 ‘or 2.36 and 2‘37‘lalonngith equations
u2f32l:iand1.2.35 can be used ‘to generate 'il synthetlc:
. seismograh ‘for ‘a dovn901ng spxke as a source at the top of
the' first layer. .It is often desxrable- to be able.to
slmulate a hurled source._ Thls can be done by f;rst solvzng'
~‘equatlon 2 3u of 2.36 for the upgoxng wave in layer one-when
‘;the” source his at the‘ surface. i{t.ls then necessary to
'subtract tae reflections. off the layers above. the source‘-
: fron;.U(T). since these reflectlons would not appear for a
bhried sburce. : Let ,Rs. be the Pourxer transfcrn of'these
'_reflectlons.i} The~ next step is to replace the splke source
'atf the surfaceb by a, sburce whzch Hlll 51mulate a splke at
E tine‘ _ée:ou at the reguested depth. is 15<'done by-.
o multlplying: U(1)-Rs: by (1~Rs')/Ts vhere Ts is the Fourlerp'
transtrm of the- wave transuxtted fron the surface to the :

' SOurce' and Bs* is the rourier tran§forn of 'the uave “w

reflected off the 1ayers hetween the. _source and the surface
”as seen from the source.‘ ThlS calculation V1ll siuulate a
.Hdcwngolng pulse equal to 1-Rs' at the source. Ihe 1 in the
'precedlng expres31on represents the input splke and the hs'i
‘tern represents the ghost reflect10n§ off the layers ahove o

. ‘

4 B
..
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 the ‘sonrce. The reason for the negatlve 51gn on thls tern
T'is that the upgoing splke vh;ch 15 reflected is a -1 in" our
coordlnate systel and Rs' will be solved for as lf a splke

" of +1 is reilected.( The final step is to 1nc1ude the ‘direct

‘wave fron the source to the surface. This is done by adding

"‘-Ts'. whlch is the negatlve of the Fourier transforn of the

" wave transnitted from the 'source to the surface. Aga;n, the
‘minus sign appears :because the upgoing spike is -1-in our
‘.coordinate sjstem.f If UY" is the FOurier transform of the;
upgoing ﬂave'inilayer one for c‘hhried spike source, then

= [U{1)-RS]D" - Ts' - (2.43)
‘where ) '

. pnm é=(1-asi)/gs. | | G

The quantities ‘Rs, Ts, . Rs',and Tst can be defined ‘in terms
of the model parameters as follows. Let the burled source
. be at' the top of layer L as shoun in flgures 2. 4. and 24 5.

Eguatlon 2 31 then becomes

: o Towy ‘ .
‘ S - = B . o N (2. 45)
o(n 176 A% MR e ‘
where B is a 2 x 2 matrix given'bf
B A(MA(2) e A=Y - (2.46)

" For a spike at the surface D(jj=i4rU(1); and if layer I,_”is'T

treated as a - holtspace, then ’U(1)¥Rs -and D(L)y=Ts.  The

e
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 LAYER 1

l D(=1-rRs | Tutu-f\s -

LAYER 2

~souace$ T 1\
| DuJ-Ts | UL)=D LAYER L

) -

. Figure 2.# ‘The ceilectlon and transmissior of layers

Letveen the source and surface as v1ewed from
the surface. o

e
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4 g Pl
)
_ R . :
| \l, D(=—rTg’ | T Ull)=Ts’ g:' . °

; LAYER 1

: !
LAYER 2
I .
. " \
¥ SOURCE ‘L | 1\ W
| D(UéRs : U= m{éRL
[

Iiguré 2.5 Ihé‘fefieCtioh and trapsmission of layers

the source. .

Letveen the source ana surface as vieved from .

L

o
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upgoing wave in layer L will be zero- This is the case

shown by figure 2.4 apd we have

1~rRs Ts
= B . T (24 47)
RS & 0
or
Ts(w) = 1 _ (2. 48)
B (W) +rB ' (w)
11 21
and
Rs(w) = B (v)Ts (W) . ' (2.49)
21 .

Likewise the situation shown in figure 2.5 can be solved to

give f
~CTs! Rs' _ .
= B (2.50)
Ts* 1 .
‘.I - ’ I
or
‘ . =B (W)-rB  (w) '
Rs' (w) = . 12 22 . (2.51)
"B (v)+rB (W)
.11 21 ’
and
; TS'(v) = B (W)RS'(w) + B (v). (2.52) .
¢ 21 - . 22 . ' K

Eguaéions 2.47 to 2.5? define /the gquantities needed to

simulate a “‘buried source in .tecnms of .the model parameters.
N . ' .\ '

<



- o

A : : N ' ~ ‘ -..
D"(w) = B (V) + B (W) + r[B (%) +B (¥)] (2-53)
. 11 12 'lzf . -22 ¢
and . . 2 N ¢

“gr(w) = 0()Dn(v) - B (W) - B “«g.* (2.54)

. . , . &3 22 7

. S ‘
. L ! -t
. It should ' be 'pointed that 'in the case of the surface

Sougce, the = total source is a single dow
there is "mo u9901ng energy originating at.

. 'the- butled .source t-his is.pot the casge an
. 2 / .

and.up901ng-enengy originate from the source

71

the soarce. For

p-beth doungoind

The dovn901ng

wa&e is a unlt splke of posxtlve amp%aiud -« * Sipce we are

dealing with dlsplacgment which is.a vecy r,guantlty, the

spike of negative emplitude.
It was nenfioned. earliet that it was
the ‘matrix formulation of equation 2.31.

'upgoing and dovngoxng waves” in any layer. This is still

\.fupgoind\ vave originating from ‘the sodree'yill be a unit

.

' ”

possible to use

eo solve for the.

.'true for the case of . a burxed source. In order to solve for

.

tge upgoxng and dovngoxng vaves in a layer K below the

source (K >. L), the 2 x 2 natrlx c is defined as

efi\\' DR ;f1)l(2)a..A(K-1) K

'.1‘:0(1)-:

.81y |

(2-55)

ngoing spike and
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Since U (1) has been solved for and D" is glven by eguation
2.53, then the eguation 2.56 consists of two eguatlons in

tvo'unknowns and‘ls easily solved. The Pourzer t&ansforl of

the synthetic selsaogran in 1ayer K 1s D(K)+U(K). ' | o
15

In- order to solve for the: upgoxng and dovngolng waves
in a layer K above the source (K < L), the natrlx C 1s given
by equatlon 2 55 and . '

[z D(K)

N =C . : A (2.57)
! v gn U(K_) - i .
.With U defined b} 'eguat%on? 2.54, equation 2.57 is twvo.
' equations in two unknowns, - T ' » e
, ' S , O

In solv;ng for the up901ng and dovngolng vaves r1ght at'

rhe source " (K= L), lt is best to average~the results of
equations 2.56 and 2.57 Th;s insures _that the direct--
vupgoing' wave and the dxrect dovn901ng vave at the source

will cancel each Other to glve a zero dlsplacement rlght at

the source at tlne zero.

~

-2 Synthetic Seismograms Without Absorptiop by Ray He'thods

Thé ray theory approach has becone a vell establlshed-',
,:iethod of constructinq synthetlc seis-ograms.n The ha51c;,
.idea hehind this lethod is that the displacemeut fleld ;sd_
':divzded f lnto T~contributions } vhich ' are attrihuted to ﬁ "fF
;individunl rays. Bach ray=tapresents a particular traVel "u&{.

:‘..‘s.'.




L Lo j' N ‘”..‘”;J ".'73514
////x lg path form the source to the recelver and ‘the f1na1 synthetlc
| sensmogran is the resultlng .sum of the anplitudes of all
the se rays with the;ri approprlate 'arrival“timesa Slnce,
; there are an 1nfln1te nunber of rays the flrst basic problem
in th% generatron of synthetic selsnograns by ray ,me thods is
thato of ch0051ng vhich ramb to include in the calculatlon;
Thls chomce nust be made 1n sﬂch a way that the synthetlc
; selsmogram will be a good approxlmatlon to the truel
seismogram that .would result fron'the glven model wlthout‘
allowing the[‘number of rays 1ncluded to be so large "as to
make the calculatlon tlme prOhlbltlve.‘ ?f course if we are
trying - t0' match the’ synthetlc selsmogram to the real earth
s then there is also the second problen of how uell the chosen‘g
| model approxlmatesj’the. real earth._ In thls sectlon one
solution~ jo. the flrst problen wlll be descrlbed andqthe o

second probles vill be exanxned bfiefly.

The' 155t SteP in generatlng synthetlc selsmograms by
‘thel Tay & thod is the selectlon of vhlch rays to 1nc1ude ln“~7

the synthetlc 'selsnogram. .- Once -these rays have . been

-

‘ selected -the next step is- to- calculate the anplltnde and

-

;arrlval tlne-'bf /each ray. In .order tq do.thls it ;s*~_j L
: “necQSSary. to specify a ray ‘coﬂe whlch describes each'f$\\\

;:“:‘particular.'ray.~” The ray code used 1n this thesls ls thatf;l ,
v based - ofi- groups of kinenatlc and dynatlcj analpgs_:as~
" suggested by Hron (1971). . R L =

\o. e

) ? ° : i et e W T . "'-'\'.' T
S e e




they have ‘the'.same' travel htane. froa the sourée to the
lreceiver. ©All hinematicr aualogs 'do: not.'have the sameh
amplitude. Groups of rays vhmch arrmve at the recelver at“f
identical t1mes. and vlth ldentlcal amplltudes are ref%rred '
to. as dynamacv analogs. For a 'nodel that con%ms s of N
layers, a strlng of 2N-1 1ntegers 1s used to represent the
-ray code.‘Z.The fzrst N 1ntegers, n(l) for i=1 to N,‘

represent half. the number of segments of the ray in the i'th .

‘flayer. These 1ntegers form the kinematlc code. vThe next.

N-1 ,1ntegers, m(l) for 1—1¥to N-1, represent the number of s

- upward reflectlons' of the ray °from the 1nterface at the
‘gbottcm of layer i These 1ntegers form the dynamlc code.
Ihus the total raj ‘code . is of the form [n(1), n(2), ,.;h
n(h)' m(1);.m(2); ...‘m(N-1)].u There ns no m(N) since thls;'f
number must alZgys be equal to n(h).' Flgure 2 6 1llustrates“
‘.3, rays 1n a. 2 layer model.3 All of these rays are klnenatlc.u
‘.analogs and the rays 1n B\and C are dynamlc analogs.v Thei
‘ray code for ray A has n(1)i?, n(2)-2 and m(1)-0 so that the_
;'code 13 (2, 2; 0). The ray co&es for ra;s B and C are (2. .
7;1)""' | f"e‘;fx\'f S _-. - h,r !}Q"f.f L ﬁ}'ﬂ_

«'v’,

”'!, L
\) .

Follo«ang the sujgesticnﬁaof 'Vered and .Beh-Menahemﬁ'

"(197&) the technlgue used for ray code generatmon is based?

the concept of permuted partltionso;[ PartitLon of an |

:1nteger N is” defined to be a se'
l’

of 1 to N integers uhose{kﬁ]ff

'fsum is N, taken wlthout reqard to *r&er. Ihe integers uhichtfgei

‘l‘form the .partition ane called i‘s parts. Iable 2 1 showsﬁﬁ,ffﬂ

th partitions of the nuabe'_:'"j'

which ranges,gron 1 tolafﬂ'b
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T deflned by Hron (1971).

*;grouped by the ~nﬁuber: of parts ‘im, eaqh partitlon.f“FOEr

RS ‘e .

“'slmplicity repeated parts such as 1111 are abbrevzated 14

_,tﬁe *eohcept of partltlons can be used to generate ray

co&es 1n the‘ follovlng nanner. _If the naxlnum number of .

half segnents to be used 1n any ray code is M- and the nunber -

of - layers 1n the nodel ls N then ‘all, of the partltlons of‘
'the‘ zntegers from ]1 to H whxch have N or less parts are t'

r generated..» Thesev partltlons faféﬁpermuted 1n all possxble'r

”~uays.g Thls set of pernuted partltlons represents aIl of thes-"=w

s posslhle klnematic ray codes for our node,j '1ch contalh :

‘_ from 1-rto: .| half segnents. For each klnemj 1c'code 1t 1s.[
| p0551ble“ to generate the set of all posslble dynamlc codes’

whlch satxsfy thls kxnenatxc code byf951ng thererlterla.

t"

USLng :th algorlthm given by Lehmer (196a) 1t is

possmble"to generate:all of the partltlons 1n a systematlcff:

‘a "'

*:vay so that it 1s-nct necessary to store any of thel.iikr‘”

\.

rontlne- to perlute these partitlons based'onet

}the partitxon are'dlfferent has been‘
s

not all of the parts 4

glven ty Cturney (1977)., 3he storasé sPac“ required by thlsﬁfffﬂ




e layers in the uodel. Table 2.2 111ustrates a comparlsonﬁofﬁ5.4‘7
N\ : - X
B athe- number of storage: 1ocations reguxred using Churney's“n.v '

_;:method and uslng Hron's ne hod..

' ffgure '2;7_ﬁisf_a" 'ow chart of the algorlthm for ray:u;

rdde' generatlon u51ng the‘pernuted part1tlon conCept.~ IHS' RO
the nunber ot half segmentc lnrthe code and HNHS ulll be“"‘ 2

7the maxlnun number of-half segnents.3: - 'f ﬁnijeﬁiz‘
e ‘ o 3

. , .

'ﬁihei: 51mplesﬁ restricinn that can' be applled toi f:?

- 'gjselectlng rays 'is a. t1me crltdrlon.‘ w;th thls restrlctlon'l‘J
'fﬁé- amplltudeS' pf rays_uhOSe arrlval.tlme 15 ou%szde somef'
'tihe v1ndov of interes§ are rejected. f mhzs metu?d of;rl-
hkrestrlctlon is ‘3lmost alwaYS used 'Hlth -the mosr'commonu”'”7a
ﬂ‘wlndov belng one fron tlme to zero to some maxlmum tlme.wi: :s ff*

oo " Hron 'and Kanasevxch (1971) Suggest uslng the maxlmug\

v'nunber of half Segment= in a ray as a restrlctlon crlterlon;ﬁz

¢ i

'[ef'however, thls has the d:sadvantage that the number of raysf'”

’1ncreasesi very rapldly wzth the number of 1ayers even whenT

the number of half segments zs just egual to the naxlmunu"‘

g X .

'ﬂhmber ’of layers.. ‘This places,a rat 'r severe restrxctxonisifs}

- :‘on the number of 1ayers that a model nay contaln.hygfvﬁ
Lol . » . el

': ,/-'.:_ ,-‘. TR ™ A:«_ :

Churney (1977), suggests_ usrng

s

"'ﬁffagproach ;:and restri]
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‘rajys whichlare»1pc1uded]g¢nftibnte quite insignificaﬁtly_

The crlterlon for restrictlng rays belng suggested here
based On a 'multlples-order' approach. ~The synthetlc'
,selsmogram vill be restrlcted to 1nc1ude prlmary reflections
_Plus all nnltiple reflectlons up . to and 1nclud1ng a
‘lspecxfled _order of-multlple;” Slnce amplltude decreases as
"the audber :ofj reflectlons 1ncreases one vould lutultlvelyd
Fe?pect ﬁtbis; to be"a loglcal wayqto ellmlnate rays of low
f‘amplttnde"from the; calculatlon vhlle retaining the more.
| signlﬁicant pbases;". r | |

v

. This .. multlples-order : approach is applled “to, the
permuted pa!tltlons metbod in tuo steps. The flrst step‘;
’ restrlcts the partltions' by u51ng only those partltlonsf

whose largest part is less than one plus the‘hlghest order-

"t of” allowed multlple.~ Thus, 1f only multlples up to and

'.1nclud1ng the second order are de51red, all partltlons uhOSe.

1argest part 1s greater than 3 uould not be used.q Thls_;ss

because - any - reflected . ray wlth a larger number‘ of -

"half-segments. than 3 in any layer is a multiple of greaterjp
‘than ;sepohd order. -If mow. is * the maxmmum Qrder to be

't .

“'Acobsidered and N is the' integer belng partltloned, no'”
partiéions wlll be' generated with less than. (N~1)/(o+1J
parts. . All partltlons '1th nore tban this nunber of parts

1\

and less than N-o parts will be geneﬁated, but only some of']‘

then un be used.'ulg'

parts vlll be generated and nsed;;

partltlons cont*;nzng N—o or. nore'“'fQ‘"
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:d integer being partitloned 1s 8 and"only nultlples up to and

includlng _second 'order are -des1red,- then no partltlons ,
conta;ntng ﬁ or: 2 parts uodld ‘be generated ‘A1l partitions

contalnlng 3 to 5 parts wonld be - generated, but only some of

.

then would be nsed, and‘all partltrons consrstxng of 6, 7 or_r .

| 8 parts would be used. w0 - .”

3

~,
2

The  secord step of the restrxctlon process is applled

in the generatlon of the dynamlc codes. The sum GE the.

- numbers’ m(l) 1n the dynanij/fbde rlus the last number, n(N),'

from the klnematlc code f is "the to&gl rumber of upward _
reflectlons of fthe given ray. " If this is greater than one
plus the maxlmnm order of allowable mditlple, then this ray'

is not 1ncluded in the calculatlon._

- 2

4

L Figure 2.8 is a ﬁlotfof a 20 lajer”velocity-depth nodel‘

jmade» from a SODlC lcg from a veil near Edmonton, Alberta.-',

The. nethod 'used for hlocklng SODlC or densxty logs in- thls ‘

thes;s is-'as follows. - Flrst. the log ls manually edlted to f

attempt -to ‘correct cycle sklps etc. -In the case of a;

veloc1ty log ‘an adjustnent is made by s;mple-llnear scallng.
so ‘that lntegrated travel tlnes over varlous depth 1ntervals},‘

‘ Hlll agree vith check shot tines 1f they are avallable. 5'he:

log is- then spatxally flltered Hlth a lov pass, zero phaseﬂ
Butteruorth fllter to attéhpt to remove layers less than a -

spec1£1ed th;ckness. After fllt6t1n9, the log is againf_:

:'J scaled so that Lntegrated log values over 15 neter depth""
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are ~constructed by averaglng log values (den51ty or tran51t

' tlmes) over the entlre layer thlckness subjpct to the o
'restricthn that”_a_unei layer v111 be recognlzed if the

s

change in- log value hetween the layers 1§ greater than a
Lo SpeC1fl€d percentage of the value in the prev1ou§ layer. In

g all Cases the’ approprzate phy31cal guantltles (transat tlme-

Ni

:or mﬁss) are conserved. Also shovn 1s flgure 2.8 1s ‘a 97“
'layer veloc1ty—depth model vhlcn was produced by creatlng's
layers vhose tﬁlckness vas one mllllsecond 1n terms of tvo

-way tran51t time. - - . . l"‘ - : .

-

.‘.-“ - .‘. \ 6;
Flgure 2Q9. shows ~the - primaries only, prlmarles plus

_flrst order multlples, and prlnarles plus flrst and second.

a

order multlples synthetlc. selsmograms for  the . model in ?

—~ou N

figure' 2.83 In maklng these selsmograms the den51ty was‘-i?.'

Hf_vassuued-to-beaconStant;,‘ ese synthet;csaare calculated forﬂl” Ai f[
'fyertlcal 1nc1aence.: lls shcvn in thls flgure is’ the exact' R
-sqlutior for the 20 layer model calculated uslng the method
}outlinéd in thefprev10us sectlon Hlth ‘00 absorptloa.‘ Thesei -
i;sjntxetic traces don't lnclude the effects of geo;etrlc' |

.ﬂ spreadlng.. The fxfth trace in the flgure shous the exact

s

. RN o
ST solutlon for the 97“ layer nodel. ‘!t 1s apparent that theré‘n-, S

"5"£SQ llttle d1fferehce~ be\neen the primarles onl
prxnaries plus flrst order lnltxples,‘and-the prinaries plusﬁf';p

Vfw_r fzrst and second order, nultiples ,synthetac'seiSlograms.J'

*e \exactfsolutxonf.or the 20 layer nodel.. It ;s'intere tihg.toQ
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<y
and 974 layer.models. This points ot the second problem in

the generation of synthetic seismograuns, namely matching the
model to the real earth. It is felt that the 974 layer

model is a more reallstlc model of what the .true earth mlght

be llke. ' !

1

. i
The © wavelet used in constructing the synthe@ic

seismograms in figure 2.9 is shown in figure 2. 10. This

wavelet is ap exponentially damped sipne wave. Thg equation .

of thig vavelet is

S{t) = sin(wt) exp(-w2t2/b?) (2-.58)

with w equal two pi times the dominant fregquency (35 Hz) ang;.

the damping constant L=2. This vavelet is defined for the
ahs~lute value of t less than 45 méec and is zero e lsevhere.
The spectrum peaks. at 35 H7 and is 6 db down at 12 and 65
Hr. Table 2.3 compares the CPU times and rumber of phases
for the synthetic traces made from the 20 layer mndel. The

L]

‘T times ar e for an Amdahl N 70 yE compater.

Figure 2. 11 compares primaries only synthetic
sei~mograme  without geome tri« spreading for 20, 54, 97, 174
and %70 layer models with the exact snlution for the @7y
layer model. Al11 0of these models were made from the wame
vell log nwsed before wvith the only difference being the
Ferrentage ch%ngc in velority reguired hefore a new layer
vas reccgnized when the 1og waw blocked. The wavelet shown

in f\'qn!n RN Kb "Aam alan veed for ¢+ heao qci,gm(_iqram,c._ From

[



" -,e*"“' ° »
. /" d -
-50 ' -25 . 0 25 50
L 1 | | 1
A ‘ 2
¢
. /
X
N
'/'l
[ n T ' . T . . 1
.50 ~285 0 25 50
TIME (MSEC)
&

Figure 2. 10 35 Hz damred sine vave wvavelet. .



Primaries

1st ordeﬁ

-

2nd order

MNHS

20

20

22

20

24

© 30207

88
. \ \
”~
Number of - CPU time
" .phases (sec)
20
1079 . 5.63
1150 {1383
‘26521 N #2.59 .
2652 3\2.,
436.12

v

Table 2.3 Comparison of CPU times and number of phases for
20 layer model.

)
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this .figure 1t is apparent that the models with 54 or more
, _

‘layers ar good approx1matlons to the 974 layer exact

solution and that the comparlson improves as the number of

layers is increased. . ) .

Figure 2.12 compares‘ synthetlcs for t he .same models
‘used in flgure 2.11' bowever, 1n the cases of the 20 to 974
layér rays traClng synthetlc traces, all flrst order surface
~mult1ples have been included in addltlon to.all prlmarles.'
The wavelet shown in- flgure 2 10 was used for this flgure as}
well. Again models' of 54 or nmore layers shovﬁ good
agreement. The inclusion of surface' multiples has not
improved the- comparlson very much and certalnly not enough

to justlfy the large lncrease in the number of rays requlred

for models with more- than 54 layers-

2.3 Synthetic Seismograms With "_Absgspsign by Ray Met bods

In this section d the | problem  of constructing
non-vertlcal 1nc1dence synthetic selsmograms whlch include
the effects of absorptlon and‘dispersion by ray methods will
be briefly examined. As was done for the vert1cal-1n¢1dence
seismogrfﬁs, the absorptlon vill be handled mathematlcally
by allowing the wave number, velocity and elastic modulus to
be complex ZKunctions of frequency.' The displacement will be

written as , . ‘ , o

U = U(‘O)‘exp[i(wt-igo';),'] . (2?.,59)",
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where 'is the posiiion vector and K is the complex

. ®© . . . :
propagation constant which will be written as %
- - KT p- i | . (2. 60)

where P ;s the phase vector and'g isjfﬁé attenuation v%ctor.
lfor plane ‘waves t he lgeoxétric {iﬁte:preta;idn of the

dirgction of these  vectors is that P is perpendicular to
 pléhes of constanf . phase (wave fromts) and A is
perpepdiculat to planes of<,¢onstént amplitude‘(Bo:che}f,‘
1973). | In general P and 4 do not ﬁeéd'té,bé in tﬁe same

direction. ) : ’ : "

“.In the elastic Hcése, phece no absqrption is present,
_the'lfqrmuiés used <for the" reflection . and. transmission
coefficients in the zero'th appfoximétion of asymptotic ray
theory ‘are just'those of plane waves (Cerveny and Ravindra,
197{). in the'aneléstiq case, where absorption is ‘present,
the problem of calculating the‘reflectioﬁ and transmission
coefficients for plane vaves at a bléne interfaée has;been
examined by?Lgckett (1962 . Hé shoved how. to set up.a(h by
4 métrix\ eqqation wpich must be solvgd for the approrriate

X

-coefficients; :howe;er,' ﬁe did not providé‘ an analytic
ekpréssion for the acfual solutiors. His equations are in
ﬁerms_.df displacements. Cooper and Reiss (i966f and Cooper
* (1967) have solved the sané pfoﬁlen in terms of potentials.
The ﬁrdblem has been further discussed for SH vaves by
Berchert (1977). The _sﬁlutibﬁ is obtained in the éame

manner as for the elastic case eiéept-that thé velocity,

-
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vave number and elastic modulus are replacedﬁ‘by their‘
compler equivalents. s a. résult, the reflectioh and
transmjssion. ééefficients be;omé‘ cdmpléx functions of
frequency. . At an inté%%ace the solution is *still furth@r ,
co@pkicated byk the fact. that the angle between the phase‘

vector and'the attenuatlon vector must be. calculated.

‘ ~ . v
As. a result of the introduction of the complex wave
veétbr.eguatigg 1.23 now beconmes

/0 = w2 Kek. C (»e1)
-] hY )

-

Substituting equation 1. 29 lnto eguation 2. 61 and equatlng

<
real and 1mag1nary parts ‘leads to ’ SRR . ’
Re{K*K] = |PI2-|Aj2. = ___pyz T (2. 62)
m(1+1/Q2) ‘ .
and .
In{KeK] = -23e2 = -2{A|[Plcos(g) = _.-pw2__ (2:63)
- ' m (Q+1/Q) <

where Re and Im indicate the real and imaginary parts of the
terms in brackets_ and g is the angle between A and Pp.
Equations 2.62 and 2.63 can be solved for jA| and I¥ to

yield

| P u(p/n)k/z(F;G)L/2 {2. 64}

and

v (p/n)1/2 (F-G) 1/2 , | (2. 65)
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where

= 02/2(Q2+1) ' . (2.66)

L

and

: F =6 (1+ 1/Q%o0s2q)1/2. (2 67)

Since the phése'velocity, C, is equal to w/|P| then

C = (m/p) W/ 2(F+G)~1/2, -  (2.68)

Eqﬁation 2.68 " points out somé of the complications which
fesult from the anéle g bétween»g and P. The phase vglocity
is. now slightlyl'dépéndent on this angle, as is the
absorpfion ﬁhich }s given by exp (—Aer). This will make’raj
tracing nmore coéplicated sincé it is no longer possible
simply to a%piy Snellt's Elaw directly when going from one
ﬁedium to the next. This angle is a resylt of the houndary
conditions at the interface.° Since } is perpendlcular to
the planes of constant amplitude, then a uniform plane wave

source in an infinite medium will produce waves where A and

P are parallel. Such vaves are referred to as homogeneous

“waves. Presence of an interface. can lead to a transmitted

wave " in which A and 2 are no longer parallel. Such a wave

is referred*to as an inhomogeneous wave (Borcherdt, 1973).

Consider -a plane F wave strikiig an interface and
broduciqg reflected angd transmitted P and S waves as shown
in figure 2.13. For simplicity the transnitted and

“reflected S vaves are not shovn in figure 2.13. The angle

-

-

\‘». k)

i
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Figure 2.13 Non-vertical reflection
wvaves..

and transmission of p. Q»
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betveen the incident ray and the normal to the interface is o

~

'i"iand'the anglé,betveen the transmitted ray and the poﬁﬁél-~.'

is iv, 1In medium 1 the angle between A' and p' is g¢ and;in.:
medium 2 the angle between A" and P" is g". These angles
aré drawn in the ‘sense that will be used for measuring

positive angles in this thesis. Lockett (1962) has shown

that the x component of the complex wave vector K as denoted

by KxAﬁust.berconstant.. This leads to

Px! = px" ‘ ' (2-89)

and

Ax" = Ax"., (2.70)

<

. Eguation . 2. 69 is " just Spnell's law and equation 2.70 is a

. . ‘ .
complex addition to Spell's law. This same law applies to

the reflected and transmitted S waves. Equations 2.69 and
2.70 are -a direct result of the boundary conditions which
require the continuity of displacement and normal stress
P

across a boundaryi .

The procedure used in this thesis to describé an
absorptive medium is to specify the dersity, homogeneous
phase velocity, and Q value at a particular frequency for
the medium. The real part of the complex modulus is then
calculatéd from the homogeneousl phase velo;ity using
equafions 2.66 to 2.68 with g=0. PFutterman's model is ussed
to giée ~the frequency dependence oflthe homogeneous phase

velocity and Q. Alternatively, m could be specified instead



. of the . homogeneous ‘phase'fvelocity and a relafi

:\lnterface _these parameters, Wthh characterlze thf me lum,
are knovn on both sides of the interface and it and g' are
known on one side of the boundary. 051ng eguatlons 2. 64 . to
2.6l and 51mple geometry the x components, Px' and Ax', angk
the 2 components, ?;ﬂ and, Az', can be qaloulated. Equatlons;
2.69 and 2.79 theuvlallow calculation of Px" and Ax",
Eguatlbas 2.62, and 2.63 can then be applied to the seopnd
medium. ‘They .repreeent‘ two eguatlons. in twox unkpnowns -

(namely Pz" and Az") and can .be solved to glyef

5]

Kz"2 = Re[K"eK"]-Px"2+axnz + i(Im[§"-5"1+2Axvpx") (2;71)

" vhere the real and 1mag1nary parts of K"OK" are calculated
from eguatlons 2 62 and 2.63 ‘and Px" and Ax" are caloulated

)
from eguations 2. 69 and 2.70. From equatidns 2. 60 and 2.71

~

Pt = 1Re[Kz“2]1/2 \ ' ‘ (2;‘72)

and /'

—

-Az" = tIm{Kz"2]L/2, | . ..(2,. 713) ) b

The sqguare root in equations 2,72 and 2.73 is the prlnc1pal

value of the square root. For angles less than the crltlcal

/ b

angle the tofp sigmn is used in eguatlons 2.72 and 2. 73. Then
from s1mple geometry
<- A3
- i® = tan—1t(pPx"/Pz%) (2. 74)
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g" - ao" . tan ' (Az"/Ax") i, (2.75)
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A

calculate g when passing through an interface, it wvas
decided not to allow Q to depend or gq. Tﬁis approximation

means that t he absorption is only an exactly linear function

e

of freguency for homogeneons vaves. C}or inhomogeneous vaves
! "

ﬁbe abhsorption is not an exactly linear function of

i . ’

freguency. Tf IXx(g) ). is the magnitude of A for a #rﬂrifiﬁ

vilue nf g then fro g egnation 2.65 it is akbvions thint

Phig)llcos(al - [ (02¢1/c082q)1/2-0|" "rne(a) (2. 17)

12 4"y (Q2+ 1) »v'7 ¢
Tatle TN lists valnes of |A(gicns(q) divided hy 1A (0) | at
var inge froque: ‘e @ far various valne~ af q ard valuee of 0
~f 25 n A LA The rariatiAn of the homogrne us rhbage

veledity and 0 re 3 fuonect ion of freqguency i given Py
Futter pap -~ mede V| From the table it i ohvieue that the

do i tdon "f the ate rption frap an cxrctly linear fanctinng

of ‘reqgrency je very emall if Q ‘s not allmved tn depend ar
q. et A1l ewing thie Aer endrnee wmear- "hat "¢t ie¢ ne:l £ CAr %
rnly tre ftnarate v 5 and pet oanp & and o L T I “y
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Lok 1y (1'"72) 4 rritex the "othol £y cetting nr the

cgnar inne wh i muet e an) vad for the reflectirn anqg
tranemi s inn rroffi Tent @ in the anoladt ir problem. The
bou-dary “nditinon- 3o the came a~w far the olaactic problem

Aard 'he arly change ja that el gtic moduing, Phace velerrity,
. " .
and 've  twmb oy avre comilax functicons aof frequepery. Thie
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cozplex functions - of frequency indicating that there is a
change of phase on reflection or transmission. Llet the

general form for an incident wvave be given far P waves by

D

Up) = [L(F).,N¢p) ) expl-iK(p) oL ] (2- 78a)
and for S waves by : -
R | |

U(s) = [N(s),-L(s)] exp[~iK(s)eL] (2.78b)

where the p or s in parentheses indicates that the gquantity
applies to P or S waves . Tespectively. K is given by
eqnathmx 2.60 and (L,N] and [N,-L ] are complex unit vectors

in the ¥-z plane. 1 apd N are conplex and obey the equation
L2+N2=1, (2-79)

The egnations for 1, and N 3dre

~
]

Kx/ (K*K) ' 2 (2-80a)

an A

w

.J

¥ - Kz/(K*K) v~ (7.R0b)

vhere K is the rcomplex wave vecfér associated with the given
wave (F or S). For homogeneous waves I. and N eqﬁal the sine
and cosine of the incidence angle respectively. \ For
inhomogeneous waves } and N are complex implying that the x
and =z components of the displacement bave different phases.

This means that the particle motion at the given frequency

ie  elliptical, This elliptical motion will ockur for all
”
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inhomQgeneous vaves and again is a result of the boundary
conditions at the ,interfage. The ' general form of a

rgﬁlected P wave 1is

O(p)" = [L(P),~N(p)] R(p) exp[-iK(p)er ]

and of a reflected S wave is ' R -~

U(s) = [N(s),L(s)] R(s) exp[-iK(s) L ]

Likevwise the general firm of a transmitted p vave is

v

U(p) = [L(P),N(p)] T(P) exp[-iK(p) or]

and of a transmitted S wave is
. N4
U(s) = [N(s),~L(s) ] T(s) exp[-iK(s)er].
where R and T denote the appropriate complex reflection and

transmission coefficients.

4

Fbiioving a procedure similgr to that used by Cerveny
and Ravindra (1971) the bbundary*conditions at'an interface
lead to a set of'a"by 4 matrix equétions vhich can be solved
for the 16 possible reflection and transmission coefficients

at an interface. These equations are written as
A (UxU) R(4x4) = B(4x4) (2. 81)

" where A, h and B are 4 x 4 matrices. If A(i,j), BR(i,j) and

B(i,J) denote the eiement in the i'th row and j'tﬁ column of

the matrices A, R and B respectively, then



- i
B (4, j) = (-1). A(i,]).

Y

R (i%7]) represents the reflection or transmissionfco:fficient‘

103

(2.82)

. for ‘a.reflected or transnityed'waié of the type ihdicated byy

by the index i vhen the 1nc1dent. wave

indicated Ly the index j. iorj take on the values 1to 4

to indicate respectlvely, a P wvave in medlum 1,

ar S wave ln

.hedium 1, a P. wave in medum 2, and an S-wave in medlum 2.

,The qomponents of the gatrix A are written as

A(1,1) = L' (p)
A(1,2) = N'(§) {2.83b)
A(l,j) = <L"(g) (2;83c):
A(1,4) = -N"(s) (2. 834)
A(2,1) = -Nu(p) ‘ (2.83¢)
A(2,2) = L' (s) (2. 83f)
A(2,3) = -§" (p) (2.83q) -
A(2,4) = L"(s) (2.83h)
3(3.7) = M'(p){Kx"L'(p)+Kz' (D) K' (p)} — 2H' (s) (Kx'L' (p)}
(2.63i)
) ) <&
A(3,2) = - 2M*® (s) {Kx"N' (s)} (2.837)
_ | ,
A(3,3) = ‘3"(P){KX"L"(P)‘KZ"(P)N"(P)} - 24" (s)' {Kx"L" (p)}

(2-83k)

1s of the type.

‘(2.835)

-
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e .

.-A (3,a)' = 2M1 (s) {Kx_".N".(.s)} ' (.2-831).

A-(ﬁ:;ﬂ) = -u»-“(s‘):fxx'n'((p)fxz'(p).L-l(p')'}‘" ' (2-63n)

. ATﬁ,z) = M (-.s) {KX'L? (s)-Kz* (s)N"(s\);‘_‘ - (2.._8311;
VA.‘“.;)’ - '(s){,tsx"rﬁ"f'(p_nxz “(p) Lo (p) (e
A, ) = Mn(s) [Kx"L."(s)-Kz". (s)lN';(s)] Y (2-83p)

»

¢

" where the prime refers to medium 1 and the double prime to

medium 2.

The Froblem of calcuiafing the géometric spreading‘for_
elastic;wéves is described in detail in Cerveny and Ravindra
(197i). The derivafions of the formulas for the geometric
spreading f?r waves in absorpt;ie media will be derived in
exactiy thg Same- manner. The only difference is that the
phase.fvélocity is’ nowcra'function of gv and g aepends'the
liniti;l value 'of i at the soﬁfce( This will make the
formuia for the spreading SIightiy more complicated. For a
P wave uhich travels from the‘surface dovn through a series
of homogeneous layérs, is ;gflected,‘ and returns to the
sur face, the 'spreadihg function (eguétion 2.142 of Cerveny
and Ravindra, 1971) containé a multiplying factor inside ihe

summation. This factor I is givenfhy
I(Jf = COSz{i(j)} + Sinz{i(j)}[ﬁe{Kz(1)92(1)/P2(1)K2(j)}]

wvhere the Jj in parentheses indicates_that the parameter

{

applies to layer j.



Thus a synthetic selsmogram uhlch 1ncludes the effects .

of absorpt;on and dlsper510n can be calculated by maklng the

modmflcatlons descrlbed above to ‘ the elastlc ray theory.’

—

- The trac1ng of rays 1s gore compllcated because of the angle

'g,' and the ray parameter‘ and spreading are functions of

frequency. Also, the reflection ‘and .transmlsSLOn

coefficients are complex functlons of freguency. FOr rays
in inhomogeneous layers the amplitude computation in the
elastic theory contains a factor involving the square root
of the -product of density and veloc1ty.. Tﬁds factor would
also have to be rederized" for the case of lnhomogeneous
absorping layers. For a series of komogeneous layers this
factor is one. The.qﬁsynthetic seismogram including
absorption' must be computed in the frequency domain and
transformed to the time domain. This means that .the
.computation for each ray must be done 'at‘ all desired
frequencies. Performing these _ computations at each
frequency makes this procedure extremely expensxve and tlme
'consuming on a digital computer. Even lf the computations
are performed at as fev as 160 freguencies,vthere is an
increase of two orders.-of magnitude - in the 'number“of
computations required for the anelastic‘ seisuograu, in
comparison to the elastic . seismogram. 1In additiou; the
anelastic computations are more complicated and_require‘more

computer time. Therefore, it is npecéssary to find

approximations that ,allou computation of the anelastlc

selsnogram wlthout trac1ng rays at each freguency.

105
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- The . first approxlmatlon wouldﬂ be / to ignore the

freguency dependence of certain Quaneifies.‘ ~Using this
approxlmatxon these guantities vould _be evaluared at a
domlnant freguency, .f' and would be assumed to have this
ralne at all frequenc1es. The quantltles whose frequency
dependence Ulll be lgnored are. the geometrlc spreadlng, ray

parameter and the reflectlcn and transmlsSLOn coeff1c1ents.

g

~

reflection . and . transmission -coefficierts, several

calcufations vere made for a;éimple nodel. Figures 2.14 to

2.18 show the results’of scme of these calculaticns- The

velocity, density and Q value for medium 1 were 4 km/sec, :

| no
2.0 gm/cc and  30.  FOr medium 2 these parameters had the

¢

values 6, 2.5 and 60 Cespectively. The velocities are the -

'honogeneousf phase ‘velocities and along wlth the Q values,

. \ ,
apply at a frequency of 40 Hz. The freguency dependence of
these guantities is giien by Futterman's model. Values‘of'

the angles i' and g' for the P wave in medium 1 were

v

specified and' apply at 40 Hz dlso. Values of 1"\§nd gn

- refer to the reflected or trancmltted wave and thus apgly to

‘o ]

tne same nedium as‘ i‘ and g' for reflections and to the
prher medium for transmissions. Solid. curvee._are the
amplitude curves and. dashed curves are the phase curves.
Figure"z.gu is the P wave reflection coefjicient for an.

incident P wave. in nmedium 1. FiguTre 2.15 is the P

reflection coefficient for a P vave incident in medium 2.

Figure 2. 16 is the reflection coefficien;/fﬁé an S .wave when

{

In order to examine the frequency dependence of the% .

L.
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a F wave i= incident in wedsuw 1. Figure 2.17 is the

-

transmisdiop coeffirient for a P wave when a P wave'is

incident in wmedinm 1. AFigure 2.18 is the P transmission

o

coefficient when A P wive ig ipcident in medium 2. These

fignre= i11n~'rate only a fav of wapy evamples studied. Thbe

recsult of these «tudier~ 1inr that the reflertion andqd
tranamienion neffini nts are not very rensitive fun~tions
nf frer =n . They are 1=0 not very sensighive to emall
1

~} o o H ve 1 v e e i cermi bt v v emat Y oy le LKl i.“
1

The Weper sop ia very important to the shape of the
reflert odfd rnyle A rcan vt ‘hé i ghnry ed 1f the a!-cr)rpt‘ion
cnofficiant ie A Tinenr fanc +ion nf freguency, then the

Ai rper cjnn aloang tha ray rn bhe r“a]:'n]afnﬂ‘nci_nq Futtermap's
maial] 1 Ff tn ‘ahearptian ie kvown at enly pe frequency. The

abaorpt $on "t the Acmiperp? frcq"cnvy re a‘nng a rav can be

urittnn 2 fp(-TeT /7 7%) where w' die the dnmivant angnrlar
froguenry v ig the nrrival) tipe at th> v~reiver feor the
fregqu vy f* anl 1,74 §s an nver~gei va'ng nf (774')t 2.9
/
=] ng he voay. T' = a~pl' tnulde due to the oottt st ey
' Coayn ey oy n e spprowvypnad L A
7\(\4) .. ,,r.( ) ",7,,")‘ (').Q'l)
g
Meing -qnationa V.18 a3apd 2.7 apnd ascuming the raye 31l
trane! th s'me dietance €' pr the sen're tn tha recreiver
\ e LI A 30 IR r"f‘"" L TR IR vee a fape 1oy o f f~'ur‘"'- "oy 3 o

- - A g s o e i e 4
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B(W) = exp[-iwt' (1-1n (£/£')/rq") ] (2-85)

All rays do not travel exactly the same distance since the
» . * L .

angle i is’ a function of frequency. However, this angle-

does not change very much over 2 or 3 octaves and thus the

assumpfion is quite good. This wmakes it rpossible to

calculate the amplitude and phase at all frequencies by

doing the calculation of absorption at the dominant
frequency fe only. This procedure accounts for the
dispersion as we]l.& The synthetic <eispeogram in the

froguency Aamain s qgiven by
¥(W) =~ V(u'")A (W)R(w) (2-8F)

wvhere Y (w') idipcludes the product of the reflection and
transmiscion mefficients and the geometvric spreading. A(w)
and P(y) are qi ven by eqnat inns 2 .84 anpid 2.8%,

In order to examine the variation with frequency of the

tay pavamater and the spreading correction another mode 1
experiment wae dane. 4 V7 layer model was gonstruc+eﬁ by
blockirg scnic and density logs ontained at a well nmear Fovx
Creek, Alberta. The 0 =tincture of the model va~ made up-.
Table 2.8 Jist~ the layer thicknasses, velocities, densitins
and 0 valwee for this model. Tie ray considered wase a’f
wave whirh travelled Aavnp thrnﬁqh the mode) froq tge
surface, Jas reflected from the balf space and returned to

the surface. Table 2.6 gives the varjation with frequency

nf the vay paréw@ter and geometric éproadinq factor of this
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/
Thickness Velocity L_'Déqsity Q value
(@) (n/sec) (gs/cc)
;

947.6 2709 2.26 40
669.3 3471 2.41 55
.9 2629 2.19 45
96.6 3852 2.44 . 55
9.1 2839 1.94 45
8.8 4251 2.57 60
6- 4 3347 2.24 ¢ 50
25.3 4002 2.43 60
6.4 2983 1. 85 50
115.8 4137 2. 51 60
58.5 3365 2.8 50
! 367.9 5.357 2-65 ’ 75
6.4 4328 . 2.50 60
378.9 5976 2-48 80
- 351. 5 4535 2.58 €5
19.5 5367 2.69 75
9.1 4306 2. 61 60
half space 6151 - 2. 68 .80

Table 2.5 17 layer model near Fox Creek, Alberta.



Frequency
(Hz)

Offset =

10
20
40
80

160

Offset =

10
20
40
80

160

Offset =

10
20
40
80

160

Table 2.6

Normalized

Ray Parameter _

469 meters

1.0077
1.0038
1.0
0.9962

0.9923

1073 meters

w

1.0076
1.00 38
1.0

0.9962

0.992u

1676 meters

1.0075
1.0038
1.0

0.9962

0.9925

]

"115

Normalized = Phase Error
Spreading (degrees)

o ’

1.0034
1.0017 0.0069
1.0 0.0
0.9983 0.0275
0.9966 0.0000
1.0035 0.0069
1.0018 | 0.0206"
1.0 , 0.0

. 0.9982 © 0.0549
0.9965 . 0.0549
1.0038 1 0.0000
1.0019 0. 0137
1.0 0.0
0.9981 -.0275
0.9962 L0549

Frequency dependence of ray parameter, spreading
and dispersion approximation. .
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S '
ray for 3 off;et distances. The ray parameter and spreadlng

are normalized- to th@'values at 40 Eg. Also shovn in the
table is the dlfference between the phase calculated as the
.argument in equatlon 2.85 and the true phaSe calculated by
“tracing - the ‘ray at the Lndlcated frequency. . It is clear

from this ‘table that the ray parameter and geometric

spreading function 'are not vefy sensitive to changes in

freguency. The approximation used to account for the _

dispersion is very good. .

As . a final'test on the accuracy of the approximations,

the amplitude and phase of the reflected P wave considered

for takle 2.6 were_calculated. Table“2.7 lists the ratio of

the approximate bamplitude to the true amplitude and the
difference Letwveen the approximate amd the true phase. ‘The

true amplitude “and phase are obtalned by trac1ng the ray and

evaluating = the amplltude at the exact frequency. The

Y . .
approximate amplitude and phase are obtained by using tke

approximation given by equation 2.86. Geometric-spreadinq

was included in the calculation.

From table 2.7 it <can be concluqed’that the single
frequency approximation given by equation 2.86 is quite
accurate over ' a frequency range of 4 octaves. Since each
ray is traced at only one frequency and the amplitude is
calculated based on a calculaticn done at only one
frequency, tnen this apprqx&nation does lnot' require

significantly nmore cogrutations than a syrthetic selsnogram



4

7] //// Fregquency ‘Amplitude Ratio  ° phase Error (3eg)
- (Hz) ‘(approx to true) - (approx-true)
Offset = 469 meters o
. 10 1.0047 . .0.0017
20 1.0030 - . 0.0044
30 S0 1.0007 . 0.0 140
4o 1.0, L . 0.0
50 : «9977 0.0000 -
60 . 1.0000 ) 0.0000
80 . 1. 0001 . 0.0 140
100 ' -9968 o T 0.0140
1200 ' 9946 , -.0280 ,
| 140 29935 o - -.0280 :
: 160 .9940 ) -.0420
Offset = 1073 meters
10 : 1.0051 . - 0.0061
20 .. 1. 0032 ©0.0157
30 - 1.0008 - : 0.0420
40 1.0 o - 0.0
g0 . <9977 ' 0.0140
. .60 " 1.0000 , : - 0.0140
80 : 1. 0000 - , 0.0420 ‘ X
100 ' - .9966 0.0560 LR
- 120 ' .« 9943 0.0000 °
150 - : .9933 L =<0 140
160 ‘ .9937_~A' 0.0280
Offset = 1676 meters ° ‘ e
10 - 120057 - _ " 0.0009 . - . o
20 .. 1. 00 36- ‘ ©0.0105 ¢ o
30 . 1.0009 ‘ 0.0140 " |
- 40 1.0 ~ . . 0Jo i
50 - .  .9975 "~ 0.0000 !
60 - 9998 o -.0140 ‘
80 .9997 o =.0420
100 ' - «9963 . ' " 0.0000
f 120 | -99%0 . =.0699 | N
140- - -9929 o =.0979 | |
160 .9934 - , ~-.0699 : *
. N } - + 4 ‘
. ' ' ! . |
Table 2.7 Acawracy of single frequency approximation. -~ . .. = '
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- amplitude is evalua

318

\

vithout absorption  or ;dispersion.; If greaten accnra*y is

teguired ‘it can be obtalned by trac1ng ‘a 'ray at two

'frequenc1e= and calculating the spreadlng and the reflectlon

and transmission contrltutlon E the 'amplltude at both

frequencies. The eguation for the selsmogram in this case

is written as

X(¥) = Y (W)A'(W)B(w) N e -

where A(w) and B(w) are given by equations‘Z.BQ and 2.85.

-

%§v) is the eonplex function cf fregnency wvhich includes the -

~

effects of 'spreading and - reflections and'tranSmisSione;e

Y(ﬁ)'ES'giéen‘by'the.fdrmule

s

.

vhere W' is:the dominant'angulaf'freqnency'and the'consfant 
b is obtained.dby evalneting Y{w) at w' and at a second'
- frequency. | The 1bgarithnic freguency dependence is used

. sinée this *is“-the form of the freguency dependence of the

velocity, nnd'it 1s nalnly thls dependence whlch causes Y(w)

to vary. Examlnatlgn of tahle 2: 6 and flgures 2 14 to 2 18 -

-

inditates that this  is the proper form of frequency~

",dependence to . use. ;S:ince the ,ray is nowvtraced and the )

.time with this approxlmatlon would be twice that cf thee
éinglé- frequency approxlmatlcn. Table 2.8 llStS the ratloe‘

of the approxlmate anplltude to the true amplltude and the

dlfference between the appro;lnate and’ the-ttue phase u51ng

CY(W) = YY) [T+ b In(w/wn ] o ',--'f(..'z,yéé,)"“

at tvwo frequencies,'the computation -
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Pféqdéncy '.Aiplitude Ratio o Phase Error fdeg)<
- (Hz) (approx to ttue) (approx-true)

Offset = 469 meters

10 - . 7 ..9999 0.0017
0 . . 1.0007 . - © 0.0044
, 30 - o .9997 ¢ - 0.0 140
v . 40 Lo e T 0.0
H | 50 . - .9985 C . 0.0000
60 v 10000 0..0000
go '1.0025 - 0.0 140
100 -+ - ,9999 B 0.0140
120 © - - ..9983 o '~ =.0280
140 . o .9978 - . -.0280
160 T L9986 =.0420

Offset. = 1073 meters-

.10 . - .9999 . . 0.0061
20 11,0006 . - .. 0.0157
S 30 0 "..9997 - ©0.0420
40 - - w0 0.0
so - ,9985 . .- 0.0140
60 1.0015 - 0.0140
80 . | 1.0026 | -~ 0.0420
100 | 1.0000 x . 0.0560
© 120 : - .9984 - 0.0000 ’
we -5979 S -.0140
160 . .’ .9988 . 0.0280 _—

Gffset = 1676fméters

10 f .9999 _ . 0.0009
20 o - 1.0006 . : 0.0105
30 . - .9997 . 0.0140
40 o 1.0 ) o S 0,0" ‘ T
50 . .9985 - | 0.0000 "
60 < 1.0015 S =<0140
- 80 Y 1.0026 -~ =,0420
100 | T 1..0002 ' : 0.0000
- 120 - 5986 o . =.0699
140 - 9981 co -.0979
160 . ©.9992 . =-.0699

W R . ’. Sl
_T;%lg 2.8 Accuracy of tvo frequency approxipation.
{I- | | o

!
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‘this two frequercy approxllatlon. ) The ray -used in

calculatlng table 2. 8 1s the .same as that for table 2.7. It

is quite’ p arent that thls approxlmatlon gives excellent

accuracy. . - T ' '

‘As. a . final comparison,, a P vav63 Primaries only

'h synthetic selsmogran was calculated for the model listed. in

tab;e ‘2'5‘, The calculatlon vas done at offset dlstances of

UéSF and 1676 -meters, The calculatlon was’ done uslng the

i

ISIngie frequency approxlmatlon of equatlon .2.86, the two

fréguency approximation,‘of equation 2. 87 and exactly.

'Figure'fz 19 _shows the Cbmparlsons of the three methoas.v

Geometric spreadlng vas not lncluded in the calculatlcn acd
a. 20 to 80 Hz zero phase Butterworth band pass fllter was
applied—.tc all’ traces. The domlnant frequency used was 40

a

Hz and for the two frequency method the second freguency was

- 80" Hz. | The . exact synthetlc was calculated at a;l

freguencies;.'betueen 10 and 160 Hz.:. All seismograms

'consisted’ cf 1024 points vith a sample interval of 2 msec.

The CPU times required to caICulate each trace were measured
on an Amdahl 470 vz computer at the Unlver51ty of Alberta
and vere’ .§4' sec for the SLngle freguency method ,‘67 sec

for the two' freguency hethod and u1 0 sec for the erxact

:nethod. It is apparent that there is hardly any detectable

dlfference between the three nethods-, is a flnal comparlsonv
flgure 2.20,.compares “the exact traces from flgure 2. 19 to

synthetic traces calculated - at the same offsets Hlth no

absorpticn or disperslon. The' sane 20 to 80 Hz bandpass

)
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"
filter was used  "and spreading wvas not included in the
calculation of these traces.

In conclusion it can be said that the calculation of

¥

ray synthetic seisuograms vhich include the effects of

absorptior and - dispersion can be done very accurately

" without greatly‘iﬁéreasing ﬁhe cost due to the inclusion-of.

M

the absorption and dispersion. ‘This conclusxon has” only‘

been demonstrated for seismograms lncludlng reflectlons and
refractions at less than the crltlcal_angle and ‘not for

calculations -involving head wvaves. - However, it seens

appaqenf that the theory for head waves could be modified-

%olloving the same procedure as for the case of reflectlons

and refﬁactlcns.

e




3. THE SPECTRAL RATIO METHOD .

B.H‘Introggctiog

* .- .
In this thesis absorption will be measured using the

.spebtral ratio method. if F'(Q) 'is the complex Fourier
.speétfuﬁ of "a pulse wvhich has travelled a aistance z' from
the sburce and F"(w) is the complex Fourler spectrum of a
.pulse  which ﬁas travelled a distance z" in the same medium,

then from eguation 2.3 - - /

-ty

FU(w) - F* (W) exp{-iK(z"-2") 7] ) ' - (3.1)

where Kk is the complex wave number glven by equation 1. 22.

i

From equations 3.1 and 1.22

L

1n [|ru(w)|/|p'(w)13 = -~a(z"-z')  (3.2)

where rmnan 'is the absorption coefficient which is given by
equation 2.8. Also from equations 3.1 and .1.22 .

cw) = -vjz"-z'L | , (3.3)

ACg (F (¥)} Arg{F'(w)) | vy

where Arg indicates the argumgnt"(phase) of the complex

quantity in the brackets,

P
Eguatlons 3.2 and 3. 3 define the spectral ratlo rethod.
Eguatlon 3.2 1nd1cates.that a plot of the natural'logarithm
of the ratio of the amplitude spectra froh-tvo;ﬂistances

against freguencylcan be used to detgrmihe the nature of the

3 ) ) . D <
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Al

frequency depé#dence‘of the\ahsbrption'coefficiént- If'the'
absorption ‘coefficiént ,is_;a linear functlon of frequency-
~theh this - plot wvill be a straight 11ne v1th slope m. In -
this case from equatlons 3.2 and 2. 9

Q = -T(z"-z') /Chn. : ‘ ‘(3.4)

~=r\
ﬁdte that equation 3.4 is approximate arnd vould only be
_exact if Q was replaced by Q' of equation 2.41. Fof_la:ge
Q, Q' and Q are approximately equal~~'Eguat10n 3 3 indicates

that the dispersion curve can Be calculated from the

dlfference of the phase spectra at the two distances.

]

Striétly speaking, the spectral ratio method as defined

'by equations 3.2 aﬁd'3.3 is only exact for a wave travelfing'

4

in aﬁ infinite nmediui. The presence pf léyéring; wvhich
cauées reflection and traﬁsmissién effects, - affects‘fhe
validity Qf the se equatipns- This is a toéic whiéh is
discussed ip a later section of this chapter. Also, in a”’
thrée dimensional 'medium K 1is a‘ve&tor given by'equgtion
2.60 and "a" in equation 3.2 is replaced by jAjcos(g) vhe:e“ﬁj
A} is given by equation 2.65. In this case equation B.E is

[y

only exact if Q is replaced by Q" where -
Q" = [(Q2+1/cos2g)i/2 ¥ Q) / 2. (3-5)

Again for large Q, Q" is apbrq;imately eguaifto Ql- 7o

~ r

In order to apply the spectralk“ragtg’method it is

necessary- to obtain a spectral estlmate from the data. rhe

’ { . ..
. , P
. w’ ' .

{
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problem of spéctral égtimation is a cléssical one vhich has
been discussed. in detail by many‘authofs (see for instance
chag}er 9 of Kanasewvich, 1975)., ?he method of spectral
estimation used in this thesis is bésed on a smoothed.
Four&ér estimate.. The .choice of this spec£ral estimate over
several other estimation teéhniqnes was basqd.on‘a serie§ of
model stvdipe whirh will be described briefly in this

i

"'hapfar -

Srectral analysis methods can be div%éed into three
hroad cl Asces, cach of whicrh assupes a different model for
the data. These models are the woving avéraae or MA wmodel,
the antnregressive or AR model, and the mivxed éutéreqressive
movinag averagn or ARMaA model. A fourt; fyp0 of model which
wonld fall into the third class of models 1is the
Antoreqr rssive i;tnqra'ed maving average wodel or ARTMA
model. These molela e Aimrugand in Aetail in ;?m! anAd

Yook 3 noem (17710 ' ..

ki

3.2 MM Spectral Estiwmation

The MA myAn) ~f = prorenc e Y ven Aip terme f 7

&

tranef oy ma aq

Y(7) =~ A(7,q}7(2) (7.6)

where X (z) is ﬁﬁe z transform of the KA time series; Z2(7) is
« \"

the dinpnt process, and A(z.9) is the =z transform of a
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polynomial of order g given by

A(z,q) = 1 + a(l)z + a(2)z2 + ... +a(q)zi. , (3.7)
) [
The order of the MA process given by equation 3.6 is q.

This process is the familiar ‘convol utional model.

R seismogram - may be visualized as a series of spikes
(reflection coeff%gients) >convolved withl a wavelet. In
- terms .0f the MA model the 2z transform of the spikes is 7 (z)
and the 2z transforw of %he wavelet is A(z,q). X(2) is the z
transform of the seismogram. Of course A(z,q) changes with
timé becanse of the absorption. If a seismogram has been
recorded at s0me point th§£ signal . is Jjust A(z,q)
(neglecting for now the effect of interferingﬂreflections

which will be discussed in a later section). The spectral

estimate of taat signal is obtained by evaluating A (z,q) on ,

the wunit ecircle gqiven by z=exp(-~iw) where w is the angular
frequency. This evaluation on the unit circle is nothing
wore than a Fourier tramsform and éé it éan be concluded
that a Fonrier spectral estimate is the correct estimate te

" in the cpactral ratio met hod of mReasuring (

There are many Fourier spectral estimation”&echniques
a;ailabla. Several of these «classical estipates are
discussed by Rlackman and Tukey, 1959. BRather than use the
transform of a wveighted version of an estimate of the
aufbcovariance fupction, it is computationally easier to

transform the recorded pvlse directly to obtain the
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3

periodogram. The %rocédure wvhich is used in this thesis is
to faper the ends-of the data vitk a-cosine bell (page 98 of
Kanasewich, 1975) and then to g;ply an ¥FT (fast fourier
trénsform) ‘to the tapered series. The complex tr;nsform is
then smoothed- by averaging over several adjoining
frequencies cert red aboﬁt the desired frequency. This
smooihing is identical to +the procedure described by
Kanasewich, 1975 for a Danieli spectral estimate, except-
that ufor the Daniell estimate it is the power that is

[

averaged.

In order to test this method a simple model consisting
of twn traces was considered. The first synthetic trace was
at a distance of 200 meters from thbe source and the second

n

was at a distance of 400 meters in the same medium. The

¢

medium bad a velocity of 4 km/sec, a density of 2.5 gm/cc .
and a Q of 25. fThe velogity and Q value§ apply at 100 Hz
and the sanple irterval was 1 msec. To further test this
method, random noise was added to the data, figufe 3.1
shoys this data. The top two traces are the data with no

noise and .the bottom two traces are the ‘same data with 25%
. [VESE

e

. il b
Tandom noise added. P
"

: {
The complex spectra for the two distangeg vere
calcalated wusing the method ontlined above. The window
length was 50 wmsec and 3 data points at each end of the

vindow were weighted with the cosine bell taper. Zeroes

were then added to bring the window length for the FFI to
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Figure 3.1 1Traces used in tegting speciral ratio methqd.

.
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1024 points. This leads to bettéc frequency resblﬁtion:and
does not cause any significant _étrors.since.the data is
essentiélly zeroﬁ outside the'}anaiysis.windoﬁf “After the
FFT, the: sméothing wvas done over a window which was 10 Hz
wide. The. naturaltlég;rithm of the ratio of the amplitude
spectra was calculated gnd plctted against frqquéncy. The
phase velocity vas calculatéed using eguation 3.3vand plotted
.against ﬁreguency.’ Note that in using equation 3;3;%; is
ne?fssarx to "unvraﬁ" the phase curve. This is‘done by
first removing a l?near trend,cﬁhich represénts'a static
time shift .of one of the analfsis‘win&bus,,from tﬁe phase
curve and ;henv by detecting large jumps in‘ihe %u;Ve (foi
ekanple -170° to 170°) and correcting these (cha&ging 1700
to -190°). 'The linear trend which was rémoved'is then added
back to the phase curve. In addition, a further linear
trend representing a static tine difference equal to the
time Dbetween the start of t£e~§wo analysis windgws is added

to the phase curve. This enéutes that the phase for both

/ ‘ ‘ . '
vindows is calculated relative to the same point in time.

Figure ;.2 shows the plcts of the’natural'logar{thm oé:
t he amplitude vspéctral ratio versus fregueﬁcy,and‘of thé
phase vélocity versus ‘ftéguency using ihis method. of
spectral estimation for the noise-free traces ffom.figure'
3.1. The x's are the gcalculated values and the solidjiihes
are 'the theoretically correct valdes. For clarity, énlx,"
every fourth point is plotted. Note that the'effeqt of-the 
cosine tapef causes a slight error in the slope of ﬁhe

3 ;
-
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Smoothed Fourier spectral ratio plot and
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spectral ratio plot. {The’cosineﬁtaperfis‘applied toVavoid

-

sharp“;discontinuites. at the ends of the data. however, for

this sinple. eianple there 1s no such dlscontlnulty and so

the'-taper'.uasV:not necessary.. It was used for thls 51mple»

example 51nce it wlll be used for real data. -The dlsper51on,’

curve for this exanple is exact. Flgure 3 3 shows ‘plots forv
the . same data except that thls tlme no cosrne taper anﬂ no

spectral smoothlng vere applled in calculatlng the spectral

estimates.'_ F ‘ - this norse-free example“the spectral ratlo -

and dlsperSLon curve are exact.: Figures 3.4 and 3. 5 are the :

‘same as - flgures 3 2 and 3. 3 respectlvely, except that thef

'analy51s has .been done on the traces v1th the added randon

noise} - Comparlson of these flgures 1nd1cates that there is’
less scatter on the data derlved from the veighted smoothed
spectral - estlmates. _ Noteothat the Loise has caused a falr

-

amount  of 'scatter., ThlS scatter 1s Worst .at hlgh

‘frequencies because ‘the srgnal amplltude is lower ‘there,

dwhile' the noise“.amplltude is constant at all freguencres.

: Flgure 3. 6,‘is‘ the -sane - as flgure .3 2 ‘except thatvthe~

smoothlng ‘was applled to the anplltude spectrun and the

phase spectrum rather than the conplex Fourier coeff1c1ents.

\ Note ,that‘°there "is no apparent difference. between the tuo'

Ly

methods, + The nethod of smoothlng the couplex Fourier.‘

N oefficients is preferred ‘because 1t is cotputatlonally'f
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Figure 3.3 Unsmoothed Fourier spé.c',t:a;l; ratio plot and
S . dispersion curve for noise-tree test example.
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In. conclusion it can be said that all of the Fourier
spectral'.estimates- give satisfactory spectral ratio plots
and satisfactory estimates,of the phase velocityS

. : /
4 ) I . L\\ ) N

3.3 AR Spectral Estimates @ ' : .‘, T
The .AR model of a process of order P is given by

X(z) = 2(2)/B¢z,m a (3-8

ﬁhere X(2) 1s the z transform of the AR process, Z(z2) is the
. ‘input to the- process and B(z,p) 1s the z transform of a

-polynomial of order P glven by

B(z,p) = 1+ b(l)z + b(zizz R E A W T

If Z(z)"is random' uncérrelated noise Hlth Z€ro mean and
variance s2 then the AR estlmate of the power spectrum qu

'X(z) is given by
UL szkia(w)lz ; o '.\1;.10)

where: |B(u)| is obtalned by evaluatlng B(z,p) on the unlx
circle. Thus, AB spectral estimatatlon cons1sts of flttlng
_an' AR nodel as ngen by equation 3. 8 to the glven data and
evalutatlng the spectrun using equatlon 3 10 In fltting
’ ¥

the nodel 1t is necessary to estlnate the coeff1c1ents b(l)

'~and the order p of the nodel fron the 1nput data.
. o e
If the autocovariance of the: anut -process is known or
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can be welll eStiNated, t hen the coefficientS'b(i) can be
calculated by solving :the Yule-waiker'equations {pp 55 of
Box and - Jenkias, 1970). These eguations are identical to-
the ;single channel Wiener filter ‘equations for a unit
prediction .filter and could be beasily }eolved osing the

) : ‘ .
recursive approach of Levinson (1947).

Another method of estimating 'these_coefficients hak

L

been 'proposeﬁ by Burg (1967). This method requires no
a priori knowledge of the autocovariance. The Barg method’
of flttlng an AR model to the data leads to what* has’ become
known as the maxlmum entropy method or MEH spectrum as was
poirted out by Van den Bos (1971).  The details of
calculatlng the MEM spectral estlmate h;ve been - dlscussed in
detall in . Ables (1974), dhen and Stegen (1974), Ulrych and

Bishop (1975) or .chapter 16 of Kanasewich (fi975). he basis

of the algorithm is. tbet"successiveiy der nnitr
predicticn error‘ operators (See for example Peacock and
Treitel, 1969) are fit to the deti. These operators are'
calculeted in sach a wvay that the average of the predlctlon
error power when the filter is run both forvards and
backwards over the data is a hinimqm- In running the‘filter
over the data inp eié}er directiOn, the filter is not alloved
-to run off the data. This #verage power is mipimized with
'respect to the coefficient b(p) for éﬁcceesively increasing

values of p and all calculations are done recursively (see

3

Andersen, 1974).
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Ad secobd problem to te solved in- the AR spec
analysie method ls t-hat of. estimating the order P of the|a
nodel. The 51mplest order estimation technlgqe involves
magnitude of ‘the coefficient b(p)-" This coeff1c1ent i
referred to as the: pattlal autocorrelation functlon {(Box
Jenklns, 1970, pp 65)- When Successively higher orders
AR model are fit to the data, this function will be non=z
for orders less than ‘or equal to the true order of the
process and zero for orders greater than th"true ord
Thus 1f the maglnltude of the estimate of ‘b(p) is monltoked
for- 1ncrea51ng P, it may, 1nd1cate the correct value of p.‘ A
more: sophisticated estimaticn CTi terion has been sques%ed
by Akaike (1969a," 1969h, 1970 and is referred to as the
final predrctlon ereor or FPE. The FPE is glven by

. FPE(p) = ‘g_*fg:.l\P'(p) | ._ @

. n-p~1 - .
vhere n is the number of samples of the tlme series used to
fit the " model, P is the order of the model fitted and P(p)
is the prediction error pPower for order p. ThlS problem of
order estimation has not been solved and nmore rebentl

criteria have been suggested as improvements by Akaike

(1976) and Parzen (1976). At»

' The MEM ,spectral analysis method‘ has '%een videly
studied and compared to MA methods (Lacoss, 1971 Ulfyoh,
1972 Saylie and Ulcych, 1973, Ables,” 1974, Chen and Stegen,

1974 and Fougere, 1977). In. general these comparisons have

>
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' focussed on sharpnéss of spéctral peiks in defining
resplution. In this respect thé:&Eu method has beep‘claimed
to be a ‘'superior spectral analysiS'ﬁethod. ‘Tfeitél et al-
,(197;) euphasize t he vety . imp&rtant point that these

L7]

comparisons are.not very meaningful unless the nature of the
process producing the data is knbvp: Only when the proéess
is knovn can a particular spectfél estimation method be said
to be éuperior. Another ’éoiné tbaé also must be made is
that cowmparisons of NEM and Fourier spectra have often been
made on truncated siéusoids in the présence of random noise.
Ulrych and Clayton (1976) have shown that such a process is
an ARMA process and thus peither the HEH_nor the Fourier

spectra is correct. TIn fact this is an ARMA process which

has polas and zeroes on the unit circle.

e

3 relative to the MEM spectral.esfimate is the maximum
likelibood 'method or MLM spectral estimate (Capon, 1@69,.
Lacoss, !971). Burg (1972) has shOWn that the reciprocal of
the MLM spectrum is just the average of the reciprocals of
the MEM rpectra for all orders from 1 to n-1 where n is the
length of the series heing analyzed.

Both the MEAM ahdf‘HL? wethods give estipates of tgi’
povwer spectrom and not éﬁe amplitude ;pectrum. Ho wever éée
latter is the square root of the férmer and so can Se easily
calculated. P{gure 3.7 shows the‘ploté-of the lqgarifhm of

the amplitude spectrai 'ratio against frequency foc';he

noise-free -and noise-added traces. ofx.figute 3. 1. The

¢ e
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noisg-added test exaaples.
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.noisefftee example is,cn the top and the noise-added example

. ™., .
is on’ the bottom. The anmalysis windov length was 50 samples ~
: : . ) ,

- . ' ! 9 1“2 -
- : ’

H

and the order used for the AR rrocess vas 17. This order i
wvas determined using the FPE criterion. From the figure it
is clear that the MEM spectral estlmate glves a much poorer

spectral ratio then the Fourier lethods. Flgure 3.8 .is the

~ same as figure- 3 1 except that the MLM dethod was used for

the spectral estimate. Clearly the MLM method gives a very
unsatisfactory spectral ratio.

e
3y

3 - , = ' >

LK LY ——— e [ e e e . e ————

3. 4 ARMA Spectral /Estimates ¢ . ' : .

The ARMA model of a process_of AR ordgf p and MA order

q is given by
X(z) = 2(z)A(z,9 /B(z,p) (3-12)

where X(z)‘is tﬁe z ttansfort of the ARMA(p,q) process, Z(z)
is thepz trensform of the‘input and A(z,q) ‘and B(z,p) are z
polynomials of orders g and p respectively as given by
equations 3.7.aed 3.9. If Z(z) is random noise of zere mean

and variance s?2 then the ARMA spectral estimate is
, )

AX(W) (2 = s2{A(v) 12/|B (v) |2 | _ (3.13)

o
where' A (v)] and |B(v)| are obtalned by evaluatlng A(z,g)
\ -
and B(z,p) on the nnit circle.' Flttlng ARMA models to the
data regulres estimates of all coeffic1ents a(i) and b(l)

and also of the .orders p and Q; ) Technlques for this
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'estimation are-given in-Box andtJenkins“(i970) end involve'a
great . deal of lteratlng and estlnatlng of orders. Treltel
et ai (1977) propose an iterative algorithl for lRuA\model
estlmatlng whlch. requlres an - estlmate of p and‘q and of;j

'A(Z.q)-

. . . .
0 . . e

. It vas pointed out in a - prev1ous sectlon t hat the
-proper spectral estlnatlon techndigue depends on the lodel of

the process. It has also,fbeen po;nted out that the
atsorption 'process is essentlally a mov1ng average ptocess
if interfering reflectlons are ignored. The effects of‘such‘
ref;ect;ons are dlscussed 1n detall in the next sectlon and:
Cit will be shovn that if the proper- correctlons are made thei
ahsorptlon is essentlally a moving average process in this
case = as vell. As. a"tesult' of these feots and the
“uocértg;nties involved .in computlng ARMA estlmates, thls

analysis,procedure has not been tested imn this,the51s.

\J

1-5 Effsct of Reflections o the Spectral Batio Hethod

i

A reflectlon selsnogram or a seismogran recordeo thhln
a series of homogeneous layers can be represented 051ng the'
one- d1nensxo;a; plane wave n0691' by an AR&A p;ocess-if
absorption is  ignored (see for’ instaoce" Tteitel and :
Robinson, . 1966)‘. In th{s case'the elastic.(no absorption)

seismogram Y(z) is

Xz) = a@/BR R
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vhere .i and B are z polynonials.‘ A particular wavelet can

w

be - assoczated v1th each arrival in' !(z). This p;rtlcnlarf‘

"Havelet can be urltten " as a‘ ' ! 7nsforu. ”'sin¢¢-lthé-;‘

absorpthn 15 dlfferent -along dlfferint ray xpaths;'the'

~

”,vavelet is not the same for each arrlval. '
.COﬁsider.‘two seismograas recorﬂed at 'fferent depths
in a layered meﬁrun.' The first}seisncgran‘is v'ven by
I o ) ... | -
CX'(z) = W' (2)A°(2)/B'(2) = @' (z)1' (z)

(3'. 15 )4
.

where .H'(z) 5is'avuaVelet which ihcludesbthe effect

cabsdrption and ;dispersion; H'(zT\ has been treate
s : -y

B constant Havelet whlch is not strlctly correct° however,\tt

of thec-

as a

is~ assumed that x‘(z) is: short enough in time that th‘ ..'

9.

change 1n the vavelet assoc1ated with dlfferent arrlvals in

K x‘(z) is negllglble. ~Ine order to examlne thls assumptlon lne

Qo

detail conSLder a .51mple example where the recelven 1sy;
 1dcated a dlstance d/2 above a sxngle lnterface“ln a halfv'ﬂ

' space.’ The recorded_ seisnogran is glven 1n.the frequency

domain by . - e

X'fw) = B'(w)[1*8exp(—1wd/c-ad)] /{//(/"..(3.16).

J

‘where WY(w) is rthe rourler transforn of ' the vavelet ﬁ'(z)

vhich has been identified vith the direct arr1va1 at the

«'recerver | and R is. -the reflectionm'coeff1c1ent of the
jipterface. The elastlcﬂseLSlogran is glven in the freqnency
L ! o . L e
domain by =~ - - -," S R
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the absorption, the, absorptlon. alCng the reflectlon path.

rhereforezdthe: assunptlon'
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-

'whenef,r' is the reflectlon coeff1c1ent and c! is the phase¢ >

'6eiocity;: Eguatlon 3 16 can: be Hritten as ,ahh{». .fﬂ "-~f’f
"x"-('w)“#'v'(ﬁ).t',(‘v)’ AR & A 1) DR
whers . |
QV'(U) = W'(w)1+ae;g( iw (c-adl. -"“g. - (3}19)_

1fr'exp(-1vd/c')

-

'“Examlnatlon of 'equatlon 3.19 reveals that 'in thlS case the_

_assnnptlon that ﬁ'(v) is & constant 1nvolwes 1gnor1ng the_ﬂ

a
£

'freguency dependence of the reflectlon coeff1c1ent caused by

(dlstance d);' and the phase change assoc1ated Hlth the -j"

dlsperSIOn' along the refleCtlon path.- If Y'(z) contalns_

'many reflectlons and nultlples,.the assumptlon that H'(z) is
'[constant ’ 1nvolves 7these same assumptlons about 'allf

‘reflectlons and nnltlples whlch are lncluded in I'(z)-,'it"w

was fﬁhoﬂn, in the ‘prev1ousv chapter that the reflectlon

v -

coefficient, is gnlte constant over 2 or 3 octaves and the

"

phase ﬂchange\\associated w;th the reflectlon is"small .

".Ls___gonstant 1nvolxgs_.a-~"’

'aSSnning_ that the ahsorptlon and” disper51on along ll{
, reflection' andofnnltlple paths Hlthln the tlme vlndow of-

4§nterest are negligible.@ Retnrnlng to the exanple of tuo

sais-ogransﬁggt dxfferent depths,._the seisnogran at thea
5econd depth is vrltten as: "

AN
N

N
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."'.

7lh,f\x6(i)eé i"(z)h"(Z)/B"(z) ﬁ"(z)!"(z) o 13?20) d.

“where H"(z) is the vavelet assoczated vxth the dlrect:;j;‘

"f:’arrlval at the second depth and anludes the absorptlon andl*ﬁ; 3

1 d1$persion betveen this depth and the source.“ﬁ The’

‘assumption that H"(z) is a constant over the ana1y51s Hlndov, .

1nvolves the sane assunptlon that the absorptxon and o

" dxspersion along the reflectlon and nultlple paths wlthlne'

,'the-nlndov are negllgxble. o

o

J'In'fordet.,to“neasure the absorptlon between the two |

receivers it is necessary to calculate the logarlthn of thexf

ratfo of the anplltude spectra gﬁeﬁﬂ(z)~and H'(z). Fronnt

- eguatlons.3.15,and'3320

Lingu) | = lzll.Ll-lx_xull..'_,: N Gaam
’W'(H)] I‘XI(')‘ IY"(“)l L ) s

”“Thls eguatlon ’states that 1t ls p0551ble to measure the'~f"

"ahsorptlon between two receivers ln the presence of otherfF

‘.-

w'wlnterferlng reflectlons and nult1ples. It ls necessary to
know. the ‘veloczty and density structure so that synthetlc,

.fsezsuograns vlthout ahsorptlon can be calculated to .use - as a

correttlon teta (nanely the spectral ratlo l!'(v)I/IY"(v)j)-'

'Eguation ‘3. 21 is. only Va?%:_as long as H'(zﬁ\and W"(z) can -

be treated as constant vavelets w;thin the analysis ulndows.J

.;,Thls is trhe 1f the ahsorption and d15perszon are negllglble”f

. along _the‘ raypaths of the interfering reflections;- It. ls?'

-j-nov apparent that negligible neans negligihle with respectu”'

to the ahsorptzon and dispersion between the tvo receivers.ej'”f.

b

]
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B The inplication of this is that the receivers nust be videly:p

reflections or 'nultiples vhich are also present uithin the

R

tine llllts of the analyszs W1ndous.' In a sinilar nanner lt .

o s can be shovn that - o L
i l/ ] o . R b . .

* ;-_x:gf(.'--) -aTg (") = Arg c--;»»-'),-eA.r's'rcx-,» *Arg (1) %Aﬁg (w22

'uhere_-lrg 1nd1cates the phase of the conplex function. -In

ﬂ;,applying‘feguation 3.22 the correction phases (Arg(Y') andu-

separated 1 relativef,‘toJ the' distance travelled hy anyidl‘e

359(3")) are referenced tO the theoretical arrival tines of“_’

L the direct vave at each depth. There =is some errorl
1ntroduced by {'ﬁe ;velocxty c' of eguation 3.17 since this ;
veloc;ty is_ the 'velocity 1n the absence of absorption and

disperSLon. - In practice this velocity is identified Hith a:

T \

reference freguency at which the veloc1ty and Q are to be[,
.‘: measured. nThlS 1s‘ usually chosen as a. frequency near the'

upper linit of ‘the - frequency band Hidth of the pulse.. This:

velocity can he appé%xinated by neasuring the first arrivale'

tines and u=ing then to correct the 1ntegrated veloc1ty log. -
Errors that thlS uncertanty 1n c' introduces are not very'-
large. Bquation 3.22 states that the disper51on can- also beu
neasured in the presence of other reflections -if the
infornation' is available to calculate the correction terns.
bAgain, athe' receivers 'nust he widely separated relative to

B the distance travelled hy the interfering reflections.

P

:Inf the preceding discussion it has heen assuned that

the tvo traces vere recorded at different distances fron the,.
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source. If*a Single reflection seisnogran is recorded, X'(z)d
.j and X"(Z) uould apply to diffqunt refle.tions :t different,

tlléS.{ The corrections given by egnations 3. 21 and 3 22 are.

-Stlll valid and the requirenent of uidely separated depths

. ilplies that the reflections nust be widely separated/;nT

“ tine relative to the analySis vindou lengths.' In addition,
‘h‘if :a: different source vas used for the tvo records, then a:'
correction nust be nad§ for the source difference. In a i
practical experiment this correction could be obtained fronk

\ . .
*a-.‘reference seisnogran recorded in the sane pOSltlon-v\\-
‘ ) ‘: KRS W . :
relative tc the two sources. T e ’J€¢;~ P ' \\\\\\

.’

Y sinple :model study illustrates the effect of this
':correction._v The nodel used consxsts of three layers over a:.‘
| ﬂhalf zspace“as, shown 1n figure 3 9. The source is at the 'v*l‘
iSurface' and traces are calculated at depths of 285, 585 and
‘615 ‘meters..' The veloc1t1es, den51ties, Q values and layer
o thicknesses are given in the figure a'nd apply at a fregnency'_f
| of 100 Hz. The top traces 1n figure 3 10 show the syntheticﬂ
traces . which A include the effects of absorption .andf'
disperSLOn at the 3 depths indicated for the model in fignre\i.-'
3 9.‘_ The bctton traces are the’ synthetic traces calculated ;
without ;including the effects of absorption.. The hcttoul
traces uill ‘be . used in calonlating the correction to bel
R applied for\\the/ effects of other :reflections.,; These ;;p,
| synthetici traces vere ) calculated uSing thei vertica
R

incidence, plane ‘wave synthetic progral des¢rihed in chapter-:.

‘.Q;“' A 250 Hz non-zero-phase low pass Butteruorth filter was'
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Synthetic traces uith and v;thout absorpt;on .

’ for model in the figure 8.9.
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‘applled to alb traces in flgure 3. 10 and thd’soun;e was a
_sprke, ‘ Pron this flgure 1t is .apparent that' there are
reflections interfering Hlth the‘:direct arrivals at each
;depth, especially at 615 neters. Flgure 3.11 shows the
-spectral» ratlo and dlsper51on curve calculated for the palr
- of traces at 285 and 615 meters from figure 3. 10 when no
correctlon vas made for the effects of other reflectlons. A
- 50 msec Ianaly31s windovw was usgd and zeroes were added‘to_
brlng the vindow .length to/1024,samples for the FET.: Three
. points‘,at'-each end of the window'were weighted'uith the
cosine 'bell.‘and' the conmrlex Fourier coefficients were'
smoothed 'over"aVPO'Hz.wide.windov. The sarple interval of
the data was-one usec, The x's are the data values'd(n'the
szlid curvesJ‘areH the 'theoretlcally correct values. For
clarity- only every fourth point is shown in the flgure..
Note the 1nterference pattern in the measured spectral ratio
~and dlsper51on curve due to the constructlve and destructlve
lnterference of the interfering reflections. Flgugﬁ 3.12°is -
the same as flgure 3. 11 except that the correctlon.glven by
equations “3.21 and 3. 22 has heen applxed to the data." Note
-that .the 1nterference pattern 1s no longer present and a
© Very acceptatle flt to the theoretlcally correct values has
been obtaxned. At hlgher frequenczes vhere the absorptlon
”15 greater along the: reflection paths, the correctlon, uhrch
neqiécts thlsgpabsorption entLrely, is not as good. The .
effects of the reflections are not as vell correctﬁﬁ at hlgh

frequencies as 4dt' low frequencies. Flgures 3.13 and 3.14°
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are the sam%e -as'figures'3,11‘and;3.123respectivelylexcept

that the pair of traces used vas for depths of 585 and 615

eneters. In this case the absorption along the reflection

rpaths is not negllglble in respect to the absorptlon betveen.

the receivers. ' As a result the correctioi is not as
- effective as .in the previous flgure; howvever, it does
improve the data. The large error in velocity determination

at lov frequency -in ‘figure 3.93 is%a .result eflthe fact that

a $mall error inm phase at low frequenciés‘leads to 'a large

-error in the Calculeted velecity,\lparticularly vhen the

Calculation is .over a short distahce. ‘The spectrﬂ% ratio

curye and dispersion curve of the uncorrected data are -

unacceptable im  this case. The “correctlon bhas made an .

irprovenent but- the corrected results-are still not good.

This 1s because the receivers are too close in reiation to

‘the apalySis vindow lengths.‘ This length is deterained by

the band-¥idth of the. pnlse.

#

in con:T“sion it can be said that it should be posslble

to measure the absorptlon and dlsperSLOn vxth the spectra

ratio method. Pourler methods should be used for the.

b ' .
gspectral estimate. Corrections must be fade fdr_the'effects

of other’ reflectlons' however, the correction procedute

leads to a limit on _the depth resolution that can-be

obtained. Corrections aust also be made for other

variations such as the source. As dlstances between

L 4

receivers becone smaller errors vlll 1ncrease due to the};

kS

effects of other reflectlons. If the data analysis wlndov

LI
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o

L]
'

is rade shorter. in:'tile it Hlll tend to ellnlnate the

effects of these reflectlons- however, spectral estlnatlon-"'

ES

vill ‘become luch nore uncertaln if the.ulndov is. shortenedl

¢

to. the p01nt vhere the pulse ls truncated.' The exanples‘
cOnsidered’ in this chapter vere for transtltted pulses, but

: the'results_can,also be applied to dlfferent time windoss on
a reflection seisnbgz&i. In the reflection case. there Hould"
likely be a greater llnltatlon on the depth resolutlon due

to the effects of other reflectlons than 1n the transnltte&‘
pulse case. - Thls is because other lnterferlng reflectlonsv

ere of the same order of nagnltude in anplltude as the main
'reflectlon, wherees for'.va. transmltted pulse these
refleetions'faée an ‘order “of . magnitude lower in amplltude '
than the direct pulse. _ -‘ﬁ o R - '(>)

3



Qa !BASUBEBBIT OI lBSORPTIOl AND - DISPBRSIOU FRO! CHECK-SHQT

- SUBVEYS

. . . ‘_'c: . ] . :
4,1 Mode] Study e, L

In- thls chapter the prohlen of neasurlng absorptlon and
¥

disperSLOn from a dlgltally recorded check*shot survey lS
4 y
'examined.' a check shot survey is an elastlc wave experlment

in thCh an 1upu151ve source is set off near the surface and
a selsnlc recordlng is- made by a geophone, or. geophones,i
Iclanped at dlfferent depths in a borehole. fIhe.purbose of d
. the survey is  to obtaln travel tlme% from the surface t0"
various 'depths. " This infornatlon is used te correct-the

'inteorated ftines~e6n velocity logs and algg jto. eid‘in '
. < - L .-

interpretation of Seismograls.f' In thls _Section a model '

g

'study w1ld be perforned to assess }he fea81b111ty of uSlng
the' varlatlon of auplltude vith frequencx‘ln such a survey

N .
to measure Q as a functlon of depth.. Thls lnformatlon could

possxbly be used .as an aid in the detectlon of hydrocarbons.."

.'The rodel used for thls study is- based on veloc1ty and
density - logs obtalned for a- vell in a sedinentary basln ‘in
northern Canada. These logs were blocked into a 263 layer
nodel.' Flgure. éf1h =hovs the veloc1ty-depth structure for -
,this:‘nodel and flgure 4 2. shovs the den51ty nodel. Plgureb.-

‘4.3‘ shois~ the . Q versus depth structure whlch Has nsed forff

this .nbdel. . The Q valhes vere synthes1zed for the purposet

of the study. The veloc1ty and Q values apply at 125 Hz.

.9 . -~
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'In-‘order‘7to sinulate the check shot survey synthetlcn--
',traces ‘vere calculated at several depths. The source for
all traces- vas» ag Splke at a depth of 12 meters- The .

pltsynthetrc. traces are M096 po;nts long vlth a 2: nsec sanple";:

'idnterval.': All data vas passed through a 125 Hx Butterworth

‘lov' pass filter (non-zero ‘phaSe) ,Qm;tm sznulated anVW"
‘VVVanti—allas fllter"' These . synthetlc traces vere calculated

pusang'"the plane vave, vertical 1nc1dence program descrlbed"

’?‘ih'"chapter 2. plgute. 4.4 shows _the synthetlc traces

",calculated at the lndzcated depths for’ the nodel 1n fagures

Lo b to;:,4.3av Flgure a.s’ shou5r the‘ synthet1c1~traces

= qalcuiated ;wlth .no absorptlon and dlsper51on for ‘the same

n'od‘el'. All parameters vere exactly the ‘same. aﬁ for the data-v
uln flgure 4. ’ except that the traces uere 8192 polnts 1ong.

:ﬂThe data -1n' flgure 4, 5 3111 be used to calculate thg)

..‘. .o
correctlon ;*for . the effects of other reflectlons and

o

--Qnultlples.u Flgure u 6 is the same data as in flgure 4 u

except that 10% randon n01se has been

163

T4

ﬁ”dded to. the data. :l:

’ »Thls~‘data vlll be used to study the effects of norse-on’the _”

_-solutlon. -
‘\? ‘Jiith all of ‘the data that is avallable ftom flgure 4. u
dfthereﬁfis nore than one nethod that can be used. to estlmate

“:the'ﬁQ' versus depth structure-'tron the check shots, The

' pT51m§lest approach is to pick a depth interval and use the-

f‘traces ‘at - the top and botton of thls‘ interval 1n the

'~calculation.‘,:This.'uses .only " tvo traces for each depth

1nterval- } A lore spphxsticated approach s to, do thefv
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-spectral ratio calculation over as many pairs of traces as _

possibléi and then to analyze these results in order to

obtain a least-Squares soluticn.

The theory for the ieaSt;squaresJapproach will now be
examined briefly.. Consider N+¢1 seismograms recordeq at N+j
different .depths as part of a check-shot sarvey. . Theri are
"then N depth lntervals between the N+1 traces.’ The gu;ntity
wnlch is to be calcnlated in a least-sguares’sense is the
téue 'slope of the spectral ratio plot, x (1), one: the itth
depth ;nterval;' vhere i t;ngeé fromi1 to N. From the N+!
seismograms thoFe are a naximum? of N(N*T)/Z pairs 'of
seiSmograns whgch can be’ used in the -spectral ratio
calcuiangon.‘. M is .the npamber of these possible pairs of
seismogranms for- vhi&h the cnlculatio}\tjs ‘been done. and
_b(jx4 is pfhe measured‘slope over the j'th 1nterval uhere j

' 4rénges 'from 1 to M and M is larger than N. From equatlon
3.4 it ls apparent that b (3j) 1s just a sum of one or mdre of

A . the x11). Thus

CX = B ‘ (1)

| ,... ' . . . ;- . .

t'.ﬁheré X 'is a coluan .véctor of ‘length N containing the
unknowni's;opes, x(if,?and B.is a column‘vector of length M

.contaiming ,uthé measnred slopes b(j). c’ is an MxN
™ ' - S . . “ ] ' o
_“coéffic;ent ' matrlx relatlng the unknowns vtov_ the

3

observatlons. The elenents of C are all ones anﬂ zeroes qnd

are deternined fron the relationsths betuéen the 1'th depth{

o L

M//~\\ &\fervals and the j'th interval for eaoh observatlon. lrhe

\\\\ , , , e
" . : L v )

. . . . z R4 v
\ | L B
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least-squares solution to-eguatiop-“:i\is.found,by solving
. i ) \ e
. -1c"cx = C"B . - | \\= . S (4. 2)
» . L) : . B

AV \

(Y

where © the fdouble ptile _denotes the b{anspose 'o}‘ the

_ \
ind{tated nattix (Noble and Danierl, 1977)\\ If a welghted

least-squares solution to] eqnat;on #.1 is:&¢s1red, it is

Rl

_— ce e .
C CMHCX = cu¥B S

‘_ vhere M ls an MxM dlagonal natrxx Hhose d1agona1 element on

|." R Y . . E ‘.
given by e S . s

row j is the Helght for ohservatlon j- , ',. '

The solution tofegua&ion’#.j can'be,fonnd'by'%sing.the

singulat value ngonposition <df éhe natrlx C (Noﬁle and

' Daniél, 1977y . The singular. value deconposation of C is

) & . .o .

s ' | L
vwhere .U 1s an qu natr1x uhose columns ate the e1genvect0rs,

4

;asSdc1ated._vith cce, V is an NxN natrixqvhdsewcolunns are .

'ﬁ'the elgenvectors associated 'lth c"t,: and L 1s an NxN'

dlagonal latrix whose elenents are the p051t1ve sguare roots: -

jj.i'g of “the e;geh‘hlnes of C"c. By conventlon the elenents of L

are 'ordered from largest to snallest along the dlagonal.

The solntzon of equation a,1 is g1Ven hy . ,;,
R X= ‘Yfl“'_'tl"Be - R (u 5)

“‘.

vhere L*l :l.s the inve:se of the latrix I.. One advantage of -
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the formnlatlon of the problel glven by eqnatlon u 5 is that ;

the varlances of the - least-squares solntions ¢an be

- >
estipated: by ' . : :
—). s2(i) = sz~vz(i,.j_)./1z (j,.j)-’ | i . - (4.6) -

where there 1s an 1lplzed sunlatlon ovet j on. the rlghi hand
side - of - the eguatlon (wlgglns, 1972).L sz is the p:oblem-

'varlance whlch ‘is estlmated by

. . . .82 = ifz;/(N‘M) ’ o ',‘ (4.7)
. . o | o ,
and : - - - ' A
. ’ ’ ‘- '. o ’
E'= CX-B. — C . (4.8)
» ‘ ' T e

imhe Procedure used 1n thls thesls ~for calculatlng the
‘least—sguares solutlon 1s as followe Frrst, several sets e
:'wof spectral ratlos are calculated fron the avallable traces.,'
_Each spectral :atio plot 'ls then ;exanlned in order to;
deternlne the fceguency range over uhlch a stralght llne can
‘be f1t rellably to the data.” In general thls freqnency
'range becones snaller as the depth of the'traces 1ncrea$es w
ppecause the. culnlatave effect of the absorptlon lowers the
_frequency above whlch anplitudes are large enough to glve a
'leanlngfui _ratlo. The range also becones snaller in the
presence of severit neflectors for reasons poxnted out 1n'j
,the previous chaptet. Tpe next step is to calcnlate the :
v"l{least-squares slopes of the sgraight 1ines vhzch wqre fit
‘--‘v'.the spectx:al ratio plots._- These regressxon calculations
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"give estimates of the variances of these ‘slopes. The

v

‘reciprocals of these estilates of the varlances are used as

the weights ‘lf “the velghted solution is. calculated- Thls
ueans ‘that neasured slopes Hlth large uncertalntles are less
heav11y uelghted in the least-sguares calculatlon than those

wlth small uncertaintles. The #fast-sguares solutlon is

then calculated for the ¢slopes"between adjacent depths.‘

4

_reference =.frequency, and the slope “are then wused to’

)

velocity ,can4 be made by d1v1d1ng the depth lnterval by the

‘_4tran51t tlme or by a nore exact procedure thch is descrlbed

below. ' Note that the.-Q valne solved for in, thls way 1?

: actually an average value over the glven 1nterval and is’ ‘not

T w

Q ‘but Qv of-equation-3.5pé

-

wEduatlon q,u, an -estlnate .of the phase veloc1ty at a .

,.calcuiate .Q‘at'that‘frequency. ‘The estimation of thelphasei_

Eiaminatiou of -the phase ‘dlfferéhce curves for each E

hdlfference 1s zero. ThlS exauznatlon is made after a llnear

trend .egual;'to f?“ statlc tlne dlfference has been removed

3

pair” of depths glves the frequency at whlch the phase j-

fron‘ the 'phaSe dlfference ‘curve. " The,»veloc1ty at thls

'pfrequency (where the phase.dlfference is 'zero) Ls then equal

Y

the dlfferénce in depths divided by the statlc tlne

o dlfference vhlch vas reloved fron the phase dlfference
,curve.- The Q value at this °frequency 1s~ then calcnlated
a:fr0l this veloclty and the slope of the spectral ratio plot

',for these depths using eguation 3 a., Equation 1.1n is then

dsed to correct thls Q value to the deslred réference

-



- the 1nd1cated 1nterval.' Values in the s'

® - T

‘ , : U
<_freguency and eguatlon Te 12 AS used to calculate the phase

)

vveloc1ty at 'thls frequency.‘ The velocxtles calculated atﬂ
.thlS freguency for all pairs of depths are then cdnverted tod";~"
transxt tlnes. These tlnes are used to obtamn a. least |
sguares' solutlon for‘ the transxt' tlmes between adjacen&

: depths ‘in exactly the same uay as a. least-sguares solution B

vas obtained for the slopes.’ Flnally, these least—squares

. transit tlnes are converted to average veloc1t1es over the - -

resbective depth rntervals.‘
. L ) -

- Now that the procedure for calculdtlng the Q values and
;'pq!i? veloc;tles fron' the cpectral ratlo data has been
"idescrlbed, the results of the nodel study Hlll be examlned.

- The 1nput for. thls study vas the set of synthetlc traces‘ of
ulflgure 4. a and the correctlon traces Here those of flgure d
4.5.‘- Foi"all calculatrpns the ana1151s wlndov length wasv
100 nsec (50 samples) and’ 3° p01nts at each end of ‘the- wlndow f'
‘iuere welghted wlth the c051ne bell &aper.' ZerOes ver; addedc
,to hrlng the wlndov length to 512 poxhts for the FfT and the:

.'Fourler coeff1c1ents uere suoothed over a Hlndow vhxch vas5 ll‘.a

S .
B}

:10 HZ vlde. o Vf . fl.‘t o th,i ~v - - 3', ”-,"'_' o
'fTahle‘fﬂ 1 llSts the calculated Q values and phase

"veloc1t1es. over’ the 1nd1cated depth Lntervals.: Valdes 1n ‘

.-r

. neasurenent over

.:the first colunn 'uere obtained by dlrec
‘ g

4ond coluln are an
w7:unweighted least-sgnares solution uhile those in the third

:colunn are the ‘veighted 1east-sgna:as*solnt1°n. Por the wﬁ-'-
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.Zﬂeast-sguares solutions 79 neaSurements were 1nput.; Thef”vW“'

;‘fourth colunn in the table glves the theoretlcally correct{

values "'a"':s 3 calculated dlrectly fron the J.nput‘ model.:,ff::

';'ralues glven 1n tﬁe table apply at 125 Hz. The depthrﬁ'

intervals 1n tahle uiiﬁ are ‘suff1c1ehtly large that the' ]

.111 SRS

results are qulte_ accurate 1 Note that ‘the least-Squaresw‘“

o

g £ S
ﬁesults‘ shov no ,1mprovement over the dlrect measurements.g:

1

lo§% accuracy over the - dee pst lnterval ‘can bef

fattrlbuted partly ta the decrease of fra

¢

ueucy band vldth of

l

' the | 51gnal Hlth lncrea51ng depth . Table 4.2 is. the same asly“ '

'5table .u 1 except that the depth 1n£ervals have been nadequ

' smaller ih- an 'attenpt to ;obtaln better resolutlon.; Thef-
'l”depth Lntervals lh thls table ,are at abbut the llllt of':
A fresolution that should ‘be exﬁ%cted.w~ fhef‘number ofﬁ"
*:?measurements used for the least~sguares calculatlon in thlsﬁV?

ftah”éf iés: 35. In all cases the accuracy lS gulte good qu::

'W_the\ least—squares results shou no lmprovement

fdlrect neasurenents.,

Tahle *4;§lf;§ﬂj§hefj§a;g. as table u 2 except that noﬁl
s X data, for the effect ofg

5 ectiOn 'has certalnll llProved thQ{ai
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Calgulatlon xaﬁﬁj} none of the J,xjﬁ

a depth 1nte"val of thlckness W

”Nﬂ=ofe7transxt 3t1me-w- Depth

zntervals' wlth no

:Q values are those  ich had a’ o

;pPSltIVEQ value for the dete*mined slope- Note that 1n the h

zones Ivhere an attenpt fﬁés M¢de to get hlgh resolution,_f

L namely 762 to .1067 meters and 2392 t '2712 neters,iphev

results-f 518. qulte Poor{fﬁ
[ P A

This f tes . ‘that ’ f@gizﬂﬁv 'T

least-sguares technlque cannot be used 'to?'erteﬁd theﬁjj

nesolutlon heyond reasonable lxnlts.fi o
'Ene ;.9 As a flnal example the data in flgure u 6 whlch had the ”f,'ﬂﬁl

added randon nozse was used as the synthetlc check shot data s

and the' analysxs whxch had been donelto produce tables “-

f}e (and a 6,

that the

values,.a ]

are not affeeted
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,w'j ‘ spectral ratlo nethod, vith the correction fOr the effects.f3
'4",Io£ other reflections, can be nsed to measure the ahsorptlon
‘and- dlsper51on fron check ehot surveys.. Depth resolutlon

‘_1should ‘be lluited to 1ntervals of the order of 300 meters in

;thlckness. and a least—squares °éolut10n does not .Seea tol

o7

n'1nprove the resolutlon or the accuriff of the nethod.

[N

4.2 Application fo real data

'.QQ_“: , in‘ thlS sectlonl'tﬁe measurement of .absorptlon and . od;
: disperszon, from a’ real check shot survey will he presented.?

- _ihe data _vas recorded in a vell 1n a sedlmentary ba51n ln
'northern Canada."The uell Ls the one thch vas used to makev
the: nodel shown 1n f1gures 4 1 to u 3.; Slnce the data was

;]Eitnot dxgltally recorded, 1t was necessary to dlgltlze 1t byl
'hand frox‘ the paper recordlngs of the analog 51gnal. Theffbh'ﬁ
- source _was an alrgun and the pressure of the gun was" varled,al'
';froh ’shot to shot.' Slnce there Has no reference phone near"
‘ttheb source, the' analyszs asp only performed on palrs ofﬂ
h;-;gtraces, for whlch the‘ alrgun pressure and depth uere the;f-
‘fs&ﬁé.‘ iti ‘vas ‘assuned that the source {was essentlalfiw"x

1dentlcal fcr 'records which net these condltlonsk Thls

f-&]pgfﬁbreatlpv reduced v'e aVallahle data. : The traces used 1n1

correctrng the _data were calculated usrng the plane wavelffh[ffd

'rogram and the nodel of fiqures u 1 and k 2. Ehe sour:e["”"
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Yo

PN

correction leads to snall etrors becanse geonetrlc spreadxﬁg=h; .
' / ey R

is; neglected. The:geonetrlc spreadlng does not change nuch‘7< 3

a4

over the' length ofj“the analys1s wlndow- at the\depths

-'lnvolved and thus these errors are lnslgniflcant.i.

- “

S ';'Fi!?re' 4.7 shovs’ u traces*selected for the analfsls.a
- The alrgun pressure and depth were the sane for the traces
at depths of S49 and 1193" neters and for those at sus and.ﬁf
1311 meters' although the- ﬁressure and depth ‘were not the

same. for all four depths. Note that theﬂrecords are. qulte L

.'-’e "rlngy" due to. the fact that the source was a slngle alrgunq

s

The data ls also guxte n01sy, partlcularly the record at 549

t -
¥.

Q.meters. o ”-4',, S S '],‘f- e o e

R RN B I A R 73 L

« ' N . R T . ’ . ' : : \. ’ 'x. . o .
]

Flgure 4.8 shows the spectral ratlo plot for the palr -

s

©

of records at depths of 945 and’ 1311 neters.' The x's aref;]_. |
étﬁe“ measured values and the solld llne zs the leas;—sguares,-ﬁw§f'-

stralght llne whlch gas fxt to the data.x The vlndqy length,f*ﬂ

A\

-uas 200 nsec (100 sam;les) and the ‘cosine taper was appll d.

,ffg' to 9 p01nts at each end of the‘"ﬁalysis wlndou. 512 point

P

“jfwere snoothed over‘ a .uindov Hhich” uas 10 Hz wlde.ﬂ--
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theoregical curve predicteﬁ by Fut%ernan's Qddel fdﬁ a Q
value of 67 at 125 Hz. Figures 4.10 and 4.11 show the
spectral ratio plot and dispersion curve res;ectively for
the pair of traces at 549 and 1193 meters. The calculated
range for the Q value is 42 to 45 and thé Q ;élue used in

»calculating the theoretical dispersion curve was 43. These

values.alsb apply at 125 Hz.

From figures 4.8 to 4.11 it can be concluded that the

spéctral ratio method bhas given reasonable results when
aﬁplied to real data. The absorption coefficient appears to
be a 1linear function of frequency and the data shows

b

dispersion vhich is consistent with Futterman's model.

o
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, 5.. CONCLUSIONS AND DISCUSSION

In this thesis the absorptién,and dispersion of éeismic
waves has been exalined; both from 'a theoretical viéwpoint
and from actual measurements on real data. The problem of
computing synthetic seisnograms.ﬁh%¢h include the effetts of
absorption and dispersioqfhas also been éxamined. Methods
for éalculating such seismog;ams have been presented fqr

plane waves at vertical incidence usihg a matrix method ané.

for curved waves at non-vertical incidence using ray theory.

These methods have been shown to" be accurate ahd

'cbmbutationally efficient. The effect of wmultiples on

Synthetic seismograms has also been briefly exanmined.

The spectral ratio method was examined theoretically,
as well as ;ith the aid of‘model stddies, and was apblied-to
real darta, Fourier spectral e;timates vére found to be
superior to autoregressive estimates. Correction of the
data for the effects of interferinq'reflections was shown to
be an important step in tbe method. Resolution was found to

be limited to intervals of the order of 300 meters in

thickuness vhen applying the method to check shot data,

t
-~

Finally, SJ limited awmonnt of real data from a check
shot survey was examined for absorption and dispersion usiﬂg
the spectral ratio methoé. The spectral ratio plots
sapported the cénclusion that the absorption coefficient is

essentially a linear function of freguency. Dispersion was
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present in. the data and was consistent vwith a theory
proposed by Futterman (1962). Medsufed Q valpeés on this
data were 42+2 for the depth interval 549 to 1193 meters and
67+6 for the intervaﬂ 945 to 1311 meters. This would

. > ‘
suggest an increase of q with depth. '

>

The limits on resﬁlution iﬁposed by the spectral ratio
method are a resuit of the frequency range of the seismic
data. If nmeasurements of absorption are to bhe useful ip
petrol eum exploration' whe re aetaiied resolution is often
required, then it would appear that a.borehole logging tool
shoudd be designed. Such a tool could operate at
frequenéies in the kHz range and the resolution would be
over interval thicknesses of the order of one meter or less.
This woulid then possibly make measurements of absorption a
viable technigué fof stratigraphic interpretation or
hydrocarbon detection. This is a problem which requires

much more research, and it appears to he »av important area
to dinvestigate. '

Recently there has been a good deal of emphasis in the
seismic data Etocessing field ob the correction of
seismograms for any phase distortions (see for instance
Lindse;h, 1978 and Robinson,. 1978). Since dispersion causes
phase distortion, corrections should be made for this
distortion. These corrections can be made if estimates of

the absorption are available. Detailed resolution would not

he required to make A reasonaltle correction for thie effort.

»
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" This correctiom would bave to be a dypamic correction, in
the sense that it would change with time,  since the
absorption and dispersion change with time ona seismic

record «
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APPENDIX A: LISTING OF PROGRAMS

SUBRKOUTINE LSRUF (X1,%2,X3,X4,Y1,¥2,Y3,Y4,RAT,DIF, VX,
.NY,MPTS) :

SUBROUTINE BY DAVE GANLEY OCT 24, 1977.
. b _
THIS SUBROUTINE WILL CALGULATE THE NATURAL LOGARITHM
OF THE SPECTRAL RATIO AND/OR THE PHASE DIFFERENCE FOR
ANY NUMBER OF PAIRS OF SEISMIC TRACES. THE SPECTRAL
RATIO (PHASE DIFFERENCE) IS CORRKECTED BY DIVIDING BY

THE RATIO (SUBTRACTING THE PHASE DIFERENCF) OF 2 OTHER
TRACES ON A SECOND INPUT TAPF. 4DTFFERENT TIMF WINDOW"

CAN BE USED FOR EACH TRACE. ~THE RESUYLTS ARE ouTrn
IN GRAPHICAL FORM ON THE LTNE bRINTPP AND TNTO A
SEQUENTIAL FILF ON LOGICAIL UNTT

/
A FAST FOURIER TRANSFORY I;\gsp TO CALCULATE SPECTRA.
THE DATA CAN BE WEIGHTED WITH 2 COSINF TAPER AT THE
ENDS AND THE SPECTRA CAN BE SMOOTHED. THIS. SMOOTH'v "
CAN BE APPLIED TO TWE COMPLEX FONKTFR CORFFTCTIRNTS

OR TO THE AMPTLITODR AND PHAGF.

]

rw?UngARE: ©

X1,X2,%3,X4 ARRAYS OF LENGTH NX
Y1.22,yz‘vu ARBAYS OF LENGTH MY _
NX = NUMBER OF DATA POINTS IN A BLOCK DN TaAp:
NY = NUMBER OF POINTS TQ USE N FET

("UST BE A POWER OF ?)
MPTS © DO THE CAICOUIATION FOR THR FIP&T Mry-
:? FREQUENCY: AT RS

CNTPUTS ARE:
RAT = NATURAL LOG OF SFECTRAL PATTO (LFNGTH 15 Mr1-)
PT¥ = PHASE DIFFERFNCE (LENGTH TS NPTS)

i

»

SUBPNUTINES CARLED: °
'. FFTR2 (FOURIER TRANSFORM ON ? REAL TIMF SERTF ™)
7. AMFPHZ (CALCULATES AMPLITUDE AND PHASE FRCHM

FOUBIER COEFFICIENTS OR VICE VFESA)
3. DANIEL (APPLY DANIELL SPECTRAL WINDOW)
4. UNWRAP (ATTEMPT TO UNWRAP PHASE CURVF)
5. GRAF (PLOT A LINE PRINTER GRATH)
6. TAPER (APPLY COSINE RELT.)
7. SKT? (SYSTEM ROUTINE TO SKIP TRACFT NN Tarp)

DIMENSION X1(NX), X2 (NX), X3 (NX), X4 (NX)

DIMENSION Y1(NY), Y2 (NY), Y3 (NY),Vu(NY)

DIHENSION RAT(MPTS) ,PIF (MPTS)

DATA IRLOCK/1/

COMMON 1 SRCON LNV, PT DF TWY, 7O, INT Y SM _ FRYTD
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) ¢
C++4 ¢ A , '." -
¥ L2¥Y = SUCH THAT NY=2%+L2NY ‘
DT = SAMPLE INTERVAL IN MILLISECONDS )

. (SAME FOR BOTH TAPES) °
DF = 'SPACING BETWEEN FREQUENCY VALUES TN HRRTZ
IWI, = TINE WINDOW LENGTH IN SAMPI ES.
(SAME FOR ALL WINDOWS)
TC = 1 CALCULATE LOG OF SPECTRAIL RATTO AND FPHAAPR
DIFFERENCE )
= 2 CAICULATE LOG OF SPECTRAL RATID ONLY
= 3 CALCULATE PHASE DIFFERENCE ONLY :
TUT = NUMBER OF POINTS AT EACH END OF DATA TO WFI!AQHT
WTTH COSINE TAFPER

nnnnnﬁnnnnnnnfgn

TSM = 1 MEANS DO NOT SMOQTH SPFCTRAL ESTIMATE
= 2 MEANS SMMOTH AMPLITUDE AND PHASF SPECTRA
= 3 MEANS TO SMOOTH COMPLEY FO"BIER COEF'[(T "NTS
C FSRTD = WINTY OF wiNINA9 Ty [og FOR "1 «Tnryys (o npp oy
Cieorg
OWLPI=TIWL ¢t
MY=NY/2
MYP1=MY+1
YYP2=MY+2
MYMI=MY-1
”@IS"'—"HPTS }
IRL=0
IR 1L=0
IR2L=0
JRL=0
JR1L=0
JE 2L=0

10 READ (5,1,END=99) IR1V,TWSI_TR?,INS?. IPV, Q501 Jp2, 9642
-,DELT, 7P1,IP2,JP1,JF2 =
1 FORMAT (5X,8TR,Ff.0,0T1)

ot e g

i

IR1 - NU&BER OF THE BLOCK CN TAPE ' CONTAINING TRACE

IWNS1 - WINDOW START FOR TRACE 1 IN MILLISECONDS

IP1 = 1 MEANS PLOT TRACE 1 DATA WINDOW CN LINE PBRINTER

IR2, ~INS2, IP2 = SAME AS ABOVE FOR TRACE 2 (ON TAPE )

JR1 = NUMBER OF THE BLCCK CN TAPE 2 CONTAINING TRACE 3

JWS1 = WINDOW START FOR TRACE 3 IN MILLISECONDS

JdP1 = 1. MEXNS PLOT TRACE 3 DATA WINDOW ON LINE PRINTER

JR2, JWS2, JP2 = SAME AS ABOVE FOR TRACE 4 (ON TAPE 2)

NFLT - ACTUAL TIME DIFFERENCE (MSEC) BETWEEN "ARRIVALS
FCR THE TWO CORRECTION TRACES (3 AND 4). THI®
IS NEEDED TC REMOVE A LINEAR TREND FROM THE
PHASE DIFFERENCE WHICH IS CAUSED BY THE FACT
THAT THE TIME DIFFERENCE BETWEEN TRACES 3 AND 4
MUST BE A MULTIPLE OF THE SAMPLE INTFRVAL WHEN
IT SEOULD .BF DELT. IF DRLT=0.0 THIS CORRFRCTTON
IS IGNORED.

. ¥ . S
IR2 MUST BE GREATER THAN IRV AND JR2 GREATER THAN JR)
IT 7§ ASSUMED THAT FOR A GTIVEN IF1 OR IR? THE SAME
TR1 OR JB2 WTLJ. CORRESPOND TO TT FNOR ALL CAY.CUY ATTONS

TN 0ON0O00ON
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THERF CAN BE ‘A DIFFERNET NUMBFR CF TRACES CON TAPE 1 MAND
TAPE 2 SO THAT IR AND TR2 PO NC7 EQUAL JR! NP JR2.

THE RATIO 'S (TRACE ? ~/ TVACF Y ) * (TRACE 2 / TRACE 4)
TTFFFRFNCE 'S (TRACE 2 - RA F V! (TPACT U TR E 3)

I¥ THE SAME TR’CE 'S OS*" ' ‘" R L
WINDOR NUST RPF THF S™"MR

IF (IR2-LE-IR1) GO TO 92
TF (JR?.LE.JR1) o T0 QR

CALCULATRE WTMDOW ~CTART I MY ToynIT o

T1=(IWL-1)*DT .

WRITE (6,2) TIV1,IPV,INST1.IR?,TWS?,J8 0 ,JWST1,JdR2,JWS ., rri
FORMAT (' 1WIND"W LENGYH IS *.F7.2,° MSEC',2( ,57,

*TAPE | FECORD ', I3,'" WINDO¥ START 'S *',I%,* v&r
2(/,6X,"TAEF 2 RE"CID ',I3," WINDOW ST RT 1" ',

* MSEC') ,/" PHASF ¥ IL BR I "RECTRD 73 TIMFE 1oirj ‘
s'" OF ",F7.2,' W s v
IWS1=IWS1/DT+1.5
IWNS2=INS2/DT+1.5
INS1=JWSL/DT+ 1.5

IRAZ - IWS?pTr ) R

1 . ron

LCCATE AN' REAI THE FQUR ' "U[ % (CCRPT B
COLCNTKTRE AMPIT I ONY ATD e

T ('RI.NMP V2L e .

MPWR TRACE 1t Js ' o " crre n
AR LR TR I S

DO 2' I=1
YI(I)-Yi{
Y3(I) v ¢
IRIL=IRI
IRS 1L=IW" 21

JRIL=]JR1
Wy THuaNy

.
I

READ A NER V'™ 'F 2 TP T'ACE Y K § UCE
CAT CUT AT T ' (RN o e e ey

INS 1=IWS 1L

JWS1=JWS 11

NSKIP=1B? IR'-

IF (¥SKI .N" ' = : ' ' "
READ (1




-

2

27

pr]

IR21L=IR2+ :
IWS2L=IWS?2 :
J=TWS2
DO 24 I=1,IWwy,
Y2(X)=X2(J1)
J=J+1
NSKIP=JR2-JRL -1
IF (NSKIF.NF.0)
READ (2) ¥
JRL=JR2
JR2L=JR2
JNWS 2L=JWS ?
1-7WsS2
DO 25 I=1,7W1
Y4 (I)=Xu ()
J=J+1
T (IWL.EO.NY) GO TC 7
DO 26 I=IWLT1,My
Y2(I)=0.0
YU (T)=0.0

AT T CRYT (O 1y

CALCULATE SPPCTRA FOR "TUW
IF (YWT.EQ~O) GO TO 28
CALL TAPEB(YZ,IHI,IHT)
CALL TAPER(Y“,IWL,]HT)
Carlyp FFTB?(LZNY,Y?,V“)
GO Tn (29,29),ISH
CALL EANIEL(YZ,NY,FSUID,DT)
FALL DANIEL(YQ,NY,FSUID,DT)
CALL AMPPHZ(LZNY,Y2,IC,PDC2,PFN?)
CALL AMPPHZ (L2NY, Y4 ,TC,PDC!r v p iy
GO T (60,30,60),ISN
CALL UNWRAP(YZ(HYPZ),MYH1)
CALL UNWEAP(YU(MYFZ),MYM1)
CALIL DANIEL(Y2,NY,FSWID,DT)
CAYL PANTIY (vh mnyv _ravgn nory
TOTO 60

NEW TRACFR 1 ey

AND " (PND

IF (IR2.EQ.IR2LY €0 'n §0
NSKIF=IEK1-TRI -1
IF (NSKIF.WNF. ™)
READ (1)
IRL=IR1
IRIL=IR1
INSIL=TWS?
T-TWSY

DO 33 I=t,Ivr

YI(I)-x1(7)

J=J+1
NSKTUP=JR1- JR( -
YF (MY T onw

fnY Y MRA L B LY R DR LR R A

CRATT MFXT AN TITRY Y

AP

TN T

AV )
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READ (2) x3
JRL=JR 1
JR1L=JR1
JWS1L=JWS1
J=JNS1
DO 35 I=1,IVL
Y3 (I)=X3(J)
J=J+1
NSKIP=IE2-IRL-1
IF (NSKIP.NE.0) CALY. SKTIP(O,NSKIP,1,f91,£91,£91)
READ (1) X2
IRL=IR2
IR2L=IR2
INS2L=1TWS2
JI-TTWS2
DO 37 I=1,IWl
Y2(I)=X2(J)
J=J+1
NSKIP=JR2-JRL~-1 .
IF (NSKIP.NF.O0) CAVL SEIP (0 . MSKTF,?2,£91 £01_r£a1)
READ (2) x4
JRL=JR2
JR2L=JR2
JUS2L=Jus 2
J=JWS2
DO 39 I=1,IWL
Y4 (I)=X4(J)
J=J+1
TP, (IWL.EQ.NY) 5O TC "¢
DO 41 I=IWLPY NV
Y1(I)=0.0
¥Y2(1)=0-0
Y3(I)=0.0
YU (T)=0.0

CAMRCULATE SPECTRA FOR " WRH TRA«Re

IF (TWTI.EQ.0) GO TO 47
CALL TAPER(Y1,IWL,IWT)

CALL TAPER(Y2, IWL,IWT)

CALL TAPER(Y3,IWNL,INT)

CALL TAPER(Y4,IWL,INT)

CALL FFTR2(L2NY,Y1, Y2)

CALL FFTR2(L2NY,Y3,Y4)

GO TO (48,48),ISM

CALL DANIEL(Y1,NY,FSWID,DT)

CALL ' DANIEL(Y2,NY,FSWID, DT)

CALL DANIEL(Y3,NY,PSWID,DT)

CALL DANIEL (Y4,NY,PSWID,DT)

CALL AMPPHZ(L2NY,Y1,IC,PDC1,PFN1)

CALL AMPPHZ(L2NY,Y2,IC,PDC2,PFN2)

CALL AMPPHZ(L2NY,Y3,IC,PDC3,PFN3)

CATL AMPPBZ(L2NY,¥4,IC,PDCY, PFNA)

GO TO (60,49,60) ,ISH .
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49

50

52

SN

56

57

58

59
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CALL UNWRAP(Y1 (MYP2),MYM1) a e
CALL UNWRAP(Y2 (MYP2) ,MYN1)

CALL UNWBAP(Y3 (MYP2) ,MYM1) .

CALL UNWRAP (YU (MYP2),MYN1)

" CALL DANTEL (Y1,NY,FSWID,DT)
CALL DANIEL(Y¥Y2,NY,FSWID,DT) .
‘ X/

CALL DANIEL(Y3,NY, FSWID, DT)
CALL DANIEL(Y4,NY,FSWHID,DT)
GO TO 60

READ A NEW TRACE.1 IF TRACE 2 WAS USED ON LAST
CALCULATION. ALSO BEAD THE NEW TRACE 3.

I¥S2=IWS2L
NSKIP=IF1-IRL-1
IF (NSKIP.NE.N) CALT SKIP(0,NSKTP,1,691,691,£91)
READ (1) X1
IRL=IR1
IR1L=IR1
IWSIL=TIWS1 .
J=TWS1

DC 52 I=1,IWL

Y1(I)=X1(J)

J=J+1
NSKIP=JR1-JRL-1
IF (NSKIP.NE.0) CALL SKTP (0 ,NSKIYP, 2,691,691, 97)
READ (2) X3 °
JRL=JR1 ‘
JR1L=JR1
JHWS 1L= JNS 1
J=JINWNS1

DO 54 I=1,IWL

Y3(I)=X3(J)

J=J+1
TF (IWL.EQ.NY) GO TC Sk

DO 55 I=IVLP1 NY

Y1(I)=0.0

Y3(T1)=0.0

CALCULATE SPECTRA OF NEW TRACFES 1 AND 3

IF (INT.EQ.0) GO TO 57

CALL TAPER(Y1,IWL,IWT)

CALL TAPER(Y2, IWL,IWT)

CALL FFTR2(L2NY,Y1, Y3)

GO TO (58,58),ISH

CALL DANIEL(Y1,NY,FSWID,DT)

CALL DANIEL(Y3,NY,FSWID,DT)

CALL AMPPHZ (L2NY,Y1,IC,PDC1,PFN1)
CALL AMPPHZ(L2NY,Y3,IC,PDC3,PFN3)
GO TO (60,59,60),ISNM

CALL UNWRAP(Y1(MYP2) ,MYN1)

CALL UNWBAP(Y3 (MYP2),MYM1)

CALL DANTEL(Y1,¥Y,FSWID,DT)
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CALL DANIEL(Y3,NY, FsiIp,nf)

o — —— T —— — — W —— — > ) P P —— - - — - — - - ——— e v ——— ——

CALCULATE NATURAL LOGAEITHM.OP RATIO OF AMPLITUDE
SPECTRA

60 GO TO (61,61,65) ,IC
61 RMIN=0.0
DO 63 I=1, MPTS
RAT(I)=ALOG (Y2 (I)/Y1(I)*Y3(I) /YU (I))
IF (RAT(I).LT.RMIN) RMIN=BAT (I) ~
63 CONTINUE :
DO 64 I=1,MPTS
64 RAT(I) =RAT(I)-RMIN

CALCULATE PHASE .DIFFERENCE

GO TO (65,70),IC
65 DC 66 I=2,MP%S
J=I1+MY
66 DIF(I)=Y2(J)-Y1(J)+Y3(J)-Y4(J)
DIF (1) =PDC2-PDC14PDC3-PDCH
IF (MPTS.EQ.MYP1) DIF(MPTS)=PFN2~-PFN1+PFN3-PFN4
PPACT= ((JWS2-JWS1) #DT-DELT) *0. 36 %DF .
IF (DELT.EQ.0.0) PFACT=0.0
IP (PFACT.EQ.0.0) GO TO 68
DO 67 I=2,MPTS
PCOR=PFACT* (I-1)
67 DIF (I)=DIF(I) +PCOR
8 TIF (ISM-EQ.2) GO TO 70 ' :
DO 69 I=1,MPTS
IF (DIF(I) -LF.-540.0) DIF(I)=DIF(I)+720.0
IF (DIF(I).GT.540.0) DIF(I)=DIF(I)-720.0
IF (DIF(I).LE.~180.0) DIF(I)=DIF(X) +360.0
IF (DIF(I).GT-180.0) DIF(I)=DIF(I)~-360.0
69 -CCNTINUE

MO 0 e im v oy ey o Y e el T o ey -y VT W — " wn— . T Wl e - 4 i ey Y e o v e =

PLOT INPUT TRACES IF REQUESTED AND
PLOT RATIOS AND/OR DIPFERENCES
OUTPUT RATIOS AND DIFPERENCES TO LOGICAL UNIT 3

3 FORMAT (*'1PLOT OF BLOCK *,I5,' TAPE 1')
4 FORMAT (*1PLOT OF BLOCK ',I5,' TAPE 2')
5 FORMAT (' 1CORBECTED RATIO/DIFPFERENCE OF BLOCK ',I13,
.' TC BLCCK *,I3,' IS BLOCK ',I3,' ON TAPE')
70 IF (IP1.NE.1) GO TO 72 .
VRITE (6,3) IR?
T 1= (INS1-1) *DT
CALL GRAF(T1,DT,X1(INS1),INL,3)
72 IF (IP2.NE.1) GO TO T4



74
76

80
81

83

96

. 97

98
99

WRITE (6,3) IR2

T1=(INS2-1)*DT

CALL_GERAF (T1, DT,XZ(IBSZ),IHL 3)
IF (JP1.NE.1) GO TO 76 °

"WRITE (6,4) JR1
“T1=(JWS1-1) #DT

CALL GRAF (T1,DT, X3 (J¥S1) ,INL,3)
(JP2.NE.1) GO TO 80

VRITE (6,4) JR2

T 1= (JNS2-1) #DT

CALL GRAF (T1,DT,X4(JWS2),INL,3)

Go TO (81,81,83),IC

WRITE (6,5) IR2,IR1,IBLOCK

WRITE (3) BRAT

IBLOCK=IBLOCK+ 1

CALL GRAF(0.0,DF,RAT,MPTS,1)

GO TO (85,10,85) ,IC

WRITE (6,5) IR2,IR1,IBLOCK

WRITE (3) DIF

IBLOCK=IBLOCK+1

CALL GRAF (0.0, DF,DIF,HPTS, 2)

GO T& 10

ERROR- MESSAGES

WRITE (6,96)

RETURN

WRITE (6, 97) IR1,IR2
RETURN

WRITE (6,98) JR1, an

- RETURN -

FORMAT ('-BAD RETUORN FROM SKIP IN LSB2F')»

FQRMAT ('-IR2 MUST BE GREATER THAN IR1
FORMAT ('-JBR2 MUST BE GREATER THAN JR1.

RETURN
END

' ,I5,5%,15)
,15,5%, 15)

g o e ———
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SUBRCUTINE DANIEL (X,N, FWIND,DT) S .
SUBROUTINE BY DAVE GANLEY DECEMBER 12, 1977.

THIS SUBROUTINE CALCULATES A DANIELL-LIKE SPECTRAL
ESTIMATE FROM ‘THE PERICDCGRAM. THIS IS DONE BY
'AVERAGING ALL FREQUENCIES WITHIN A WINDOW CENTRED

- ABOUT THE DESIRED FREQUENCY. SINCE REAL AND .
IMAGINARY COEFFICIENTS. (OR AMPLITUDE AND PHASE VALUES)
ARE AVERAGED THIS IS NOT A DANIELL POWER SPECTRAL
ESTIMATE. ALSO NOTE THAT AT FREQUENCIES WITHIN HALF
OF THE WINDOW ‘WIDTH OF DC CR NYQUIST FREQUENCIES -THE ®
ESTIMATES ARE CALCULATED BY AVERAGING COVER .FEWER '
VALUES.. ‘ . ' . '

INPUTS: . ‘ )
2 X .= INPUT FOURIER TBANSFORM AS CUTPUT BY. FFTR1 OR
‘ AMPPHZ. ON CUTPUT X CONTAINS THE SMOOTHED :
SPECTRAL ESTIMATE IN THE SAME FORMAT. .
N = LENGTH OF X (N IS 2**M WHERE M IS AN INTEGER)
FWIND = WINDOW WIDTH IN FREQUENCY DOMAIN (HERTZ)
" DT = SAMPLE INTERVAL CF ORIGINAL TIME SERIES (MSEC)

DIMENSION: X (N) o -

DIMENSION Y (1024) , -

IF (N.LE.1024) GO TO.10 ‘

WRITE (6,1) : ' ' % :
1 PORMAT ("IN CANNOT EXCEED 1024 IN SUBRCUTINE DANIELL')

STopP 8 - - :
10 N2=N/2 . ' | .

N22=N2+2 ) . ,

NP2=N+2 '

"DF=1000. 0/ (N*DT) ,

M2=FWIND/ (2. 0%DF) +.5

H21=M2+1 .
M=2%M2+1
XM=M
IM1=M-1 ‘ ‘
FWID=2.0%M2*DF . 1
WRITE (6,2)/M,FW T I
2 FORMAT (' *"\,I3,' (PCINTS USED IN DANIELL WINDOW '
-, 'WHICH IS A WIDT{§ OF ',F6.2,' HERTZ') o

DO 19 I=1,N . : )
19 Y (1) =X(I)

KE=0 ‘
DO 49 I=1,M2 o 42ﬁ,:
II=N22-I <

L=I+N2

.. LL=II+N2
- JE=NM21-I , ‘ : ' '
I21=2%1I-1 A o :
II21=N22-121 o \ '
L21=I21+N2 S . \ ' .

IF (M2.EQ.0) -RETUEN . }
' |

i

|

|

|



29
30

39

49

LL21=NP2-1I21
XP=XM-JB
XF1=XF-1.0
IF (I.EQ. 1) Go TO 30
KE=I-=1
Do 29 K—1,KE
X(I)=X(I)+Y (I+K) +Y(I-K)
- X(II)=X(II)+Y(II+K)+Y(II-K)
X(L) =X (L) +Y (L+K)
X(LL) =X (LL) +Y(LL-K)
IP (K-EQ.KE)°GO TO 29
X (L)=X (L) +Y (L~K)
X(LL)= X(LL)+Y(LL+K)
CONTINUE )
DO 39 J=1,JE
X(I)= X(I)+Y(IZ1+J)
X(II)=X(II) +Y(II21=J)
IF (I.BQ.1) GO TO 39
X (L) =X (L) +Y (L21+J)
. X{(LL)= X(LL)+Y(LL21—J)
* CONTINUE
X (I)=X(I) /XF
X (II)=X(II)/XF :
IF (I.EQ.1) GO TC 49
X (L) =X(L) /XF1
X (LL) =X-(LL) /XF1
CONTINUE.
IE=N22-M21

" IF (M21. GT.IE) RETURN

‘59

69

Y

L—M21+N2
DO 59 I=1,M2
XM21) = X(M21)+Y(M21+I)+Y(M21-I)
IF \(M.GT:N2.A¥D. I.EQ. ¥2) GO TO 59
X (LY =X (L) +Y (L+I)
"IF N.EQ.M2) GO TO 59 °
X (L) =X (L) +Y (L-I)
~ CONTINUE
X (M21)=X (M21) /XM
X(L)=X(1)/XH1
IF (M.GT.N2) X(L)= X(L)*XM1/(XM1-1 0)
IF (IE.EQ. n21) RETURN
L=IE+N2
DO 69 I= 1,52
X(IE)= X(IE)+Y(IE+I)+Y(IE—I)
X(L)=X(L) +Y(L-1I)
IF (I.NE.M2) X(L)= x(L)+z(L+I)
CONTINUE Y
X (1E)=X(IE)/IM , - !
X(L)=X(L) /X841 '~
IE=IE-1
IS=M21+1
IF (IS.GT.IE) RETURN
DO 89 I=IS,IE.
1=I+N2

216
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89

Do 79 J=1,M2

X(I)=X(I)+Y(I+J) +Y(I-J)

X (L) =X (L) +Y (L+J) +Y(L-J)
CONTINJE.

X (I)=X(I) /XN '
X (L) =X (L) /XM
CONTINUE

RETURN
END -

217
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'SUBROUTINE UNWRAP (X, N)
ROUTINE BY DAVE GAKLEY DECEMBER 16, 1977

THIS A STMPLE ROUTINE TO USE TO TRY AND UNWRAP N,
PHASE CURVE WHERE THE PHASE VALUES ARE RESTRICYPED

TO THE PRINCIPAL BAND (-180 TO 180). IT ASSUM%

THAT THE CURVE IS REASONABLY SMOOTH AND THAT A

CHANGE IN PHASE BEIWEEN ADJACENT POINTS CF 180 DEGREES
INDIDCATES A MULTIPLE OF 360 DEGREES HAS BEEN LEFT OFF
PHASE VALUES FROM THIS PCINT ON. IF THE PHASE JUMPS
AROUND BY PLUS OR MINUS 180 DEGREES THEN THIS ROUTINE
‘WILL LCT HORK PROPERLY.

X IS THE PHASE CURVE (OF LENGTH N) ON INPUT AND IS
THE UNURAPPED CURVE ON OUTPUT~t:)

DIMENSION X(N) : <
D1=0.0 - :

DO 9 I=2,N

IF (I.GT.4) D1=(X(I-1)-X(I-4))/3.0

I¥ (ABS (X(I)-X(I-1)-D1) .LT.180.0)c GO TO 9

Js=I . , ;
IF (X(I)-GT.X(I-1)) GO TO 4 \\ / } S .
DC 2 J=JS,N , ./
2 X (3)=X/(J) +360. 0 -
GO TO 7 .
4 po S 4=3s,N -
5 - X (JFEX(J)-360.0 S ,

7 WRITE (6,8) JS

8 FORMAT (% PHASE CURVE ALTERED BY MOLTIPLE OF 360"
-, "BEYOND POINT ',I4) *

9 CCNTINUE
RETURN
END
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SUBROUTINE TAPER (X, N, M)
: o ,

SUBROUTINE BY DAVE GANLEY, MARCH 8, 1978.

THIS SU%FOUTINE WILL APPLY A COSINE TAPER TO EACH
END OF AN INPUT TIME SERIES. .

INPUTS ARE: :

X = TIME SERIES .
N = LENGTH OF X
M = NUMBER OF POINTS AT EACH END OF X TO WEIGHT
(MAXIMUM IS 25) -«
OUTPUT IS:

x = TAPERED TIME SERIES

DIMENSION W(25),X(1) ®
DATA HL/0/
IF (M.GT.25) GO TO %
IF (2*M.GT.N) GO TO 6
IF (M.EQ.ML) GO -TOo 2 _°
T1=3.1415927/(M+1) '
DO 1 I=1,M B .
T2=T1*I o ‘ o
W(I)=.5-CcoS(T2) /2.0
NP 1=N+1
DO 3 I=1,M- - |
J=NP1-TI ' '
X(I)=X(I)*W(I)
X (J)=X (J) *W (T)
RETURN
WRITE (6,5) ér
FORMAT ('1 TAPER CAN ONLY WEIG (@p TO 25 TERMS')
STCP 16
WRITE (6,7)
FORMAT s(* 1M CANNOT BE LARGER THAN(N/2 IN TAPFR')
STOP 16
END
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SUBROUTINE AHPPHZ(LOGZN,X,IC,PDC,PFN)

WRITTEN BY DAVE GANLEY ON MAY 19, 1977.

220
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THIS SUBROUTINE CALCUILATES AMPLITUDE AND/OR PHASE

“SPECTBA FROM THE REAL AND IMAGINAEY PARTS OF A

FREQUENCY SPECTRUM OR VICE VERSA. THE INPUT (OUTPUT)

ARRAY X IS OF LENGTH 2%*LCG2N WITH THE REAL PARTS OF '

THE FOURIER COEFFICIENTS FOR FREQUENCIES ZERC TO
NYQUIST IN THE FIRST N/2+1 POSITICNS OF X. THE
IMAGINARY PARTS OF THE COEFFICIENTS ARE IN POSITIONS
IN POSITIONS N/2+2 TO N AND ARE NOT STORED FOR DC OR

NYQUIST FREQUENCY :(WHFRE THEY ARE ZERO) . THE OUTPQT

(INPUT) ARRAY HAS AMPLITUDES IN THE FIRST N/2+1
POSITIONS AND PHASES (IN DEGREES) IN THE LAST N/2-1
POSITICNS. PHASES-FQR DC- AND NYQUIST FREQUENCIES
ARE RETURNED (SPECIFIED) IN PDC AND PFN.

'1 INPUT' IS FOURIER COEFFPICIENTS.
OUTPUT IS AMPLITUDE AND PHASE.

2 INPUT IS FOURIER COEFFICIENTS.
OUTPUT IS ANMPLITUDE ONLY.

3 INPUT IS FOURIER COEFFICIENTS.
OUTPUT IS PHASE ONLY.

'~1 INPUT AMPLITUDE AND PHASE.

ouTPUT 1S EOHRIEF\SOEEFICIENTS.
N

IC

I || ]

([

-

***************************************&***f‘**#*********

DIMENSION X(1)
IR (LCG2N.LT.1) RBETURN
M=1 ]
DO 9 I=2,L65G2N
M=2%¥
N=2%M o
BP 1=M+1 ,
IF (IC.LT.1) GO TO 400 ?
GO TO (100,200,300),IC

CALCULATE AMPLITUDE AND PHASE SPECTRUM )

IF (X(1).GE.0.0) GO TO 105
X (1)=-X(1) ' :
PDC=180.0

GO TO 110

PDC=0.0

IF (X (MP1) .GE.0.0) 60 T0 11§
X (MP1)=~X (NP1)

PFN=180.0

GO TO 120



115

120

naa’

aan

A 00

129

200

209

300

305
310

315

320

329

400

hLog
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PHJ-O 0

IF {LOG2N.EQ.1) RETURN
DO 129 I=2,M
~A=X (I)
B=X(I+M)"
X (I) =SQRT (A*A+B*B)
X (I+M)=57.29578 *ATAN2 (B,A)
RETURN

CALCULATE AMPLITUDE SPECTRUM ONLY

IF (X (1)-1T.0.0) X (1)=-X(1)
IF (X(MP1).LT.0.0) X (MP1)=—X(MP1)
IF (LOG2N.EQ.1) RETURN

DC 209 I=2,M

A=X(I)

B=X (I+N)

X(I)= SQRT(A*A#B*B) /
RETURN ,

CALCULATE PHASE SPECTRUM ONTY

IF (X(1)-1LT-0.0) GO TO 305 )
PDC=0.0
GO TO 310
PDC=180.0
IF (X (4P1).1LT.0.0) GO TO 315
PFN=0.0
GO TO 320
PFN=180.0 ,
IF (LOG2N-EQ.1) RETURN
DO 329 1I=2,M
A=X (I) -
B=X (I+M)
X (I+M)=57. ?9579*ATAN?(F 3)
RETURN

CALCOLATB FOURIER COEFFICTENTS FROM AMPLTTUDE AND PHASE
X (1) =X (1) ¥COS (PDC/ 57. 29578), ' ' ’
X (MP1) =X (MP1) COS (PFN/57. 29578) .

IF (LCG2N.EQ.1) RETURN

DO 409 I=2,M

A=X(I)

B=X (I+M) /57.29578.

X (I)=A%COS (B)

X (I+M)=A*SIN(B) '
RETURN
END
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PROGRAM BY DAVE GANLEY, NOVEMBER 14, 1977.

THIS PROGRAM WILL DO A LEAST-SQUARES FIT OF A STRAIGHT .
LINE TO DATA OUTPUT BY "SRECR®EAL RATIO PROGRAM FOR

THE' PURPOSE OF ESTIMATING Q. IT CAN ALSO OUTPUT THE
DISPERSICN CURVE CCRRESPONDING TO THE PHASE DIFFERENCE
CORVE OUTPUT BY THE SPECTRAL RATIO PROGRAM AND PRODUZE
LINE PRINTER GRAPHS AKD CALCOMP PLOTS. :

[} N

-

SUBROUTINES CALLED:

1. SLOPE. | . N
2. GRAF (MAKES LINE PRINTER PLOTS)
3. UNWRAP _

4. CALCOMP PLOTTER ROUTINES .

DIMENSION X (257),Y (260),C (103).F (103)
.DATA PI/3.141593/,IBLAO0/
READ {(5,1) N,DF,FN,ICALC

N = NUMBER OF POINTS IN A RECORD ON TAPE

(LOGICAL ONIT 1) ’

N CANNOT EXCEEL 257
FREQUENCY INTERVAL. (HZ) BETWEEN INPUT POTNTS
NYQUIST FREQUENCY PCF THIS DAT2

DF =
FN =

ICALC ﬂ‘1 MEANS THAT CALCOMNP PINTS ARFE T® RF MADF

' FORMAT (5X,I5,F10.0.P5.0,7%)
TP (§-GT.257) GO TC 9!

9

CH¥ww

fT0000000000000O00O

pC 9 I=1,N !
X (I)=(I-1)*DF '

IF (ICALC.NE. 1) GO TC 10

CALL PLOTS

CALL PLOT(2.0,2.0,-3) :

'0 BEAD (5,2,END=99) IB,ISA,ILA,TQFC, TSP TLF, DRLZ,NDRELT

I8 -

ISA
I1R
IQPpC

il

TSP

i

ILP =
DELZ
DELT

l

N

- +F7ZERO, PSTAT, ICPC, ICPL, TQPL

UMBER OF BLOCK CONTAINING LOG SPECTRAJ. RATIO DATA

THIS REFERS TC LCGICAL UNIT 1

FIRST POINT TO USE IN ANALYSIS .OF AMPLITUDE DATA
LAST POINT TO USE -IN ANALYSIS AMPLITUDE DATA
1 MEANS PLOT AMPLITUDE DATA AF? REGRESSICN LINE

ON CALCOMP | . .

FIRST POINT TO USE IN ANALYSIS OF PHASE DATA

O OR BLANK MEANS DON'T CALCULATE DISPERSION CURVE

IF A DISPERSION CURVE IS TO BE CALCULATED THEN

THE PHASE CURVE MUST BE IN THE BLOCK IMMEDIATELY

BEHIND THAT CONTAINING THE AMPLITUDE DATA.

LAST POINT TO USE IN ANALYSIS OP -PHASE DATA
DISTANCE BETWEEN RECEIVERS“FOR THIS .DIFFERENCE
TIME DIFFERENCE BETWEEN ANALYSIS WINDOW STARTS
FOR THIS PHASE DIPFPERENCE.

FZRRC ™ LOWEST FREQUENCY AT WHICH PHASE CURVE TS, 7ERN.

222
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" FORMAT ('I1RLCCK
- *SLOPE =
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‘AT THIS FREQUENCY PHASE VELOCITY IS DELZ/DELT.

) THIS IS USED IN PLOTTING THE DISPEERSION CURVE.

PSTAT = REMOVE A PHASE OF PSTAT*FREQUENCY DEGREES FROM
™ THE PHASE CURVE BEFOBE ANALYSIS.

TCPC = 1 MEANS TO PLOT DISPERSICN DATA AND THEORETICAT
DTYSPERSTON CURVE ON CALCOM? PLCTTER.

ICPL = 1 MEANS PLOT DISPERSINN CURVE ON LINE PR!'NTER

TOFL = 1 MFEANS PLOT Q VERS"™ FEPQUI'NCY CURYM ¢ vy mg

FORMAT (5X,615,4F5.0,7375%)

IF (ISA.EQa0) ISA=1

IF (ILA.EQ.0) ITLA=X

IF (ESA.GE.ILA) GN TO 93

IF (FZEBRC.FQ.0.") F7.FR'—FN

CALCULATE SLOPP OF 12 SPFCITAL RATIN I OA

NSKT F=IB-IBL- 1

IF (NSKIP.NE.C) CALL TPIP(O _nrryr 4 fgan o0 oy

READ (1) (V(V) Y-, ™)

IBL=IB

MA=YLA-ISA+1

CALL SLOFE(X {ISA),Y(ISA),MA,S,SD,YT,VI D)
WBITE (6,3) LB,7SA,IlA,S,SD,YT,YID
*,I3,' POINTS *,73,
'.E10.4,5Y," S1D DEV = ", %I :
"IMTFRCFPT = ' ,E1".4 5%, "0 v v . ‘
TF (1QFC.NR.¥) GO T0 7/

MAKF CALCOMFP TY' T v * 1 )

IT1=X (ISA)/10.0
ITI1=10%IT 1
IT2=X(ILA) /10 v D
IT2=1IT2%10Q

IT3<IT?2 TT1+

T="

.0

IF (I1713.G71.101)

2(
u

< 0 i

T-
IF (IT3.G6T7.201) 1
IF (IT3.GT-40V) «
YUY ITI/ T8
DO 35 I=1,IT3
F(I)=(T-1)*T+1 171
C{N =~ (YTI+F (I) ¥
IFP (C(I).~T. 2 n)
CCNTINUE
F(IT3+1)=F(1)
F(IT3+2)=10.%*T
FLEN= (F(ITB)JT(i))/F(TTlo?)
Y (ITLA+1)= —C(1)
CALL SCALE(Y{(ISA),7.0,MA+1,1)
C(IT3+1)=—Y(ILA+2) -7.0%7 (T'3+3)
C(IT3+2)=Y(IULA+3) ‘ :
TATLY. AYTQ2(O NN 0 _ 700 OF AMTIVYIDTT

A ]

-

18]

¢ (“ I )

"ot

N0 N
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-~C(IT3+1),~C(IT3+2),1.0)
CALL AXrs2(7.0,0.0,'FREQUENCY (HZ)',-14,FLEN,90.0,
-F(IT3+1) ,F(IT342),1.0)
CALL ELOT(7.0,FLEN,3) : £
CALL PIOT (0.0,FLEN,2)
CALL PLOT (0.0,0.0,2)
CALL SYMBOL(-1.0,0-.0,0.20,°BLOCK',90.0, 5)
T=IB+. 05 :
CALL NUMBER(-1.0,1.2,0.20,7,90.0,-1)
T=(C(1)-C(IT3+1)),/C(IT3+2)
CALL PLOT(T,0.0,3)
~ALL LINE(C,F,IT3,1,0)

DO 19 I=ISA,ILA \

XP=(Y(I)+C(IT3+1))/ (~C (IT3+2)) )

- YP=(X(I)-FP(IT3+1))/F(IT3+2) u

CALL SYMBOL(XP,YP,0.10.4,00.0,-1)
IF (ICPC.NE.1.0R.ISF.E0.0) G 76 27
CALL PLOT(0.0,15.0,~3)
GC To 25 ,
CATL PLOT(10.0,0.0, -3)
TF (ISP-E0-0) GO TC 10

CATCUTLATE DI SPERSION CURVF

IF (ILP.EQ.O{ JILP=T1LA

IF (TSP.GE.TILP) GO TOQ ©°%

READ (1) (Y(T).I-1,N)

IBL=IBL+1

WRITE (6,4)

FORMAT (*-FREQUENCY',5X,'PHASE VELOCTTY')

IN CALCUTATING THE DISPERSION CURVE FROM THE PHASE
SPECTRUM I AM USING RCUTINE UNWRAP TO UNWRAP THE PHASF
CURVE IF IT IS TIMITED TO THE PRINCIPAJL, BAND (~180 1D
180). I AM ALSO BEMOVIN” A L'NEAP TREN" BY SsUn'rnarg1mn
FPSTAT*FREQUENCY DRGRRRS FRYY THE 1 0pewn «yovy

CATL UNWRAP(Y,N)

Y '=DELT-PSTAT/360-0
DO 29 I-1SeP,TLP
PHZ=Y(I) - X(X) ¥*PSTAT
Y (Y) =PBLZ/(DELVI-PHZ/ (3" "¢ v (1))}
WRITF (6,5) X(I),Y(I)

FORMAT (* ",P12.6.5X.FE10. 1)

IF (YCPC.NR. ') a0 TO #Q

MAKF CALCOMP TI1OF ('F N1 erpnay p ¢Umypr

MP=ILE-ISP+1

IT 1=X (ISP)/10.0

ITI=10%IT1

IT2=X (ILP) /10 0«1 n /
IT2=IT27 10

FT? YT? ymre
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T=1.0
IF (I13. GT.101) T=2.0 ¥
IF (113.6T.201) T=4.0
32 IP (IT3.GT.401) sSTOP 32
© IT3=IT3/T+.8"
QR=-PI*DELT/S
CE=DELZ/DELT
F(1)=1IT1
C(1)=-CR/ (1. 0+ALOG (FZERO*1000.0) / (PI*QK))
IF (F(1).NE.0.0) C (1)=-CR/(1. O—ALOG(F(1)/FZEBO)/(PI*QR))
DO 35 I=2,1IT3
FP(I)= 11-1)*T+1T1
35 C(I)=-CR/ (1.0~-ALOG (¥ (1) /FZERO) / (PL*QR) )
F(IT3+1)=F(1)
F (IT 3+2)=10. *T ,
FLEN= (F(IT3)~F (1)) /F (IT3+2)
Y (ILP+1) =-C(IT3)
CALL SCALE(Y(ISP),3.0,MP+1,1) : g
C(IT3+1)=-Y (ILP+2) -3. O*Y(ILP03)
C(IT342)=Y(ILP+3)
IF (C(1).GT. (C(IT3'|)+7 O*C(IT3+2))) C(1)—C(IT3+1)
-+7.0%C (IT3+2)
CALL AXIS2(0. o,o.o,'VELCtITY',~8,7.o,o.o,~C(1T3+1),
-=C(IT3+2),1.0)
CALL AXIS2(7.0,0.0,"FREQUENCY (HZ)',-14,FLEN,90.70,
P(IT?+1),F(IT3+2),. 0)
CALL PLOT(7.0,FLEN,3)
CALL PLOT(0.0,FLEN,2)
CALL PLOT(0.0,0.0,2)
CALL SYMBOL (- 1.0,0.0,0.20,'BLCCK"';90.0,5)
T=IBL+.05
CALL NUMBER(-1.0,1.2,0.20,T,90.0,- 1)
T=(C(1)-C(IT3+1))/C(IT3+2)
CALL PLOT(T,0.0,3)
CALL LINE(C,F,IT3,1,0)
DO 39 I=ISP,ILP
XP= (Y (I) +C (XT3+1) )/ (-C(IT3+?2))
YP=(X(I)-F(IT3+1))/F (IT3+2)
0 CALL SYMBOL(XP,YP,0.10,4, 90 o ~1;
IF (TQPC.EQ. 1) CALL PLOT(0.0, .~ 3)
CALL PLOT(10.0,0.0,~3)

PLCT DISPERSTON CURVE ON I.TNR PRIMTER

"0 IF (ICPL.NE.1) GO TO 42

F1=DF*(ISP-1)

MP=ILF-ISP+1

DELT=DELT+PSTAT/360.0

WRITE (6,6) IBL,DELZ,DELT,FZERO,PSTAT
6 FORMAT ('1DISPERSION CURVE FOE BLOCK ',13,/,6X,

. 'DELZ = '",F10.4, Sx.'DELT = *,F10-4,5%, "FZERO = °,

F6.1, 5X, 'PSTAT = *,F10.4)

CALL GRAF (F1,DF,Y(ISP), NP, 1)



42

uy

91
92
93
94

95
96
99

°

 PLOT Q VERSUS FREQUENCY CURVB ON LINE PRINTER.

IP (IQPL.NE.1) GO TO 10

IF (ISA.LT.ISP) ISA=ISP
IF»(%;}.GT.ILP) ILA=ILP
MA=ILX-ISA+1
DO 44 I=ISA,ILA
. Y(I)=-PI*DELZ/ (Y (I) *S)
F1=DF#*(ISA-1) :

_WRITE (6,7) IB

FOBRMAT ('1Q0 VERSUS FREQUENCY CURVE FOR BLOCK ',13)
CALL GRAF (F1, DF,Y(ISA),HA, 1)
GO TO 10 ‘
WRITE (6,92) a

FOEMAT (' 1N CANNOT EXCEED 257')
GO TO 99 , '

WRITE (6, 94) -
FORMAT ('1ISA (XISP) MUST EE LESS THAN ILA (ILP) ")
GO TO 99

WRITE (6,96)

FORMAT "('1BAD RETURN FROM SKIP')

IF (ICALC.EQ.1) CALL PLOT(0.0,0.0,999)

STOP

END

~

v

226
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- SUBROUTINE SLOPE(X,Y,N,S,SD,B, BD)

SUBROUTINE BY DAVE GANLEY, NO¥ 14, 1977. .

THIS'SUBROUTINE WILL CALCULATE THE LEAST SQUARES
ESTIMATE OF THE %&UATION OF A STEAIGHT LINE THROUGH
N DATA POINTS. \ .

= ABRAY OF X CQORDINATES OF THE POINTS °
Y = ARRAY OF Y COORDINATES OF THE POINTS
= NUMBER OF INPUT PCINTS (N MUST BE AT LEAST 3)

CUTPUTS:
S = LEAST SQUABRES ESTI4ATE OF THE SLOPE
SD = ESTIMATE CP THE STANDARD DEVIATION OF S1OPE
B = LEAST SQUARES ESTIMATE OF THE Y INTERCEPT
SB = ESTIMATE OF THE STANDARD DEVIATION OF B

THEOHY TAKEN FROM ELEMENTS-OF STA1ISTICAL INFERENCE BY
DAVID V HUNSTBERGER (PUB BY ALLYN AND BACON, 1967) ON
PAGES 255 TO 263. ' ’

DIMENSION X (N),Y (N)

IF (¥.LT.3) GO TO 6

XN=N

XN2=XN-2.0

SUMX=0.0

SUMX2=0.0

SUMY=0.0

SUNY2=0.0 - . . v

‘SUMXY=0.0

DO 1 I=1,N
SUMX=SUMX+X (I)

SUMX2=SUMX2+X (I) *X (I)

SUMY=SUMY +Y (I)

- SUMY2=SUM Y2+ Y(I) *Y(I)

- "SUMXY=SUMXY+X (I)*Y(I) .
SXY=SUMXY-SOMX*SUMY/XN ~
SX2=SUMX2-SUM X*SUMX/XN ‘
SY2=SUMY2-SUMY* SUMY/XN
S=SXY/SX2 , -

SD=(SY2-S*SXY)/ (SX 2¢XN2)

B=(SUMY-S*SUN X) /XN

BD= (SD*SX2+SD *SUMX*SUMX/ XN) /XN .

SD=SQRT (SD) '

BD=SQRT (BD) -

RETURN ’

WRITE (6,7)

FORMAT ('1 SUBROUTINE SLOPE REQUIEES N GREATER THAN 2°7)
STOP 7 ' .

END '
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LCGSMOOTH1 WRITTEN BY DAVE GANLEY JULY 5, 1977.

THIS PROGRAM WAS WRITTEN TO SMOOTH WELL LCGS AND TO
ALLOW FOR THE CORBECTION OF THE RAW LOGS BASED ON
INTEGRATED MEASUREMENTS (IE CHECK SHOTS FOR ' A
.VELOCITY LOG). THIS CORRECTICN IS MADE PRIOR TO
SMCCTHING. C :

. b
INPUT FILES: &
1 IS THE RAW LOG (SEQUENTIAL FILE)
2 IS THE INTEGRATED COERECTION VALUES
OUTPUT FILES
3 IS THE SMOOTHED LOG (SEQUENTIAL)
4 CCNTAINS LAYER THICKNESSES AND LOG VALUES OF
SMOOTHED LOG
8 IS THE ADJUSTED LCG FECM INIEGRATED VALUES
. (SEQUENTIAL)
9 IS THE FILTERED ADJUSTED LCG (SEQUENTIAL)

SUBROUTINES CALLED:
1. LCPASS

NONONNN0ANNAARNANNAANNNNA

. DIMENSION XLOG(12001),XLINT(240) IDEPI(ZQO),XLOGI(2“O)
READ (5,1) N,IDS,DCUT,XP 9

IF (N.GT.12000) GO TO 91
1 FORMAT (215 2F5.0)

CH¥xx
C N NUMBER OF INPUOT LOG VALUES .
C IDS = DEPTH"OF FIRST 1LOG VALUE ' \
C DCUT = A GIVEN LAYER THICKNESS IN FEET WHICH SPECIFIES
C THE CUTOFF THICKNESS FOR A LOW PASS FILTER.
o - LAYERS THINNER THAN DGUT WILL BE FILTERED OourT.
c . = 0.0 PERFORM NO FILTERING . PR
C XP = PERCENT CHANGE IN XLCG THAT IS RECOGNIZED AS' A
o A NEW LAYER '
C*x%¥x%

READ (1)'(XLOG(I) I=1,N) .
CH&k%x
C XLOG = LOG VALUES EVERY FOOT FROM IDS TO THE BOTTOM OF
C LOG. A MAXIMUM OF 12000 VALUES ARE ALLOWED.
C ' THE LOG VALUE APPLIES TO PEECEDING FOOT. N
C#*a&t '

WRITE (6,2) N, IDS DCUT Xp _ L
2 FORMAT (! 1',15, LOG VALUES BREAD FROM A, START DEPTH. DF'
-+I5,/' CUTOFF THICKNESS = ',F5, 2,/' PERFCENT CHANGE = ¢
¢ FS.2) '
IP=XP/100.0
DO 15 I=1,240
- NI=I
15 READ (2,8, END=20) IDEPI(I),XLOGI(I)
8 FCRMAT (IS,P10 0) .
Ckx%k* o *
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IDEPI  XLOGI = INTBGRATED"VALﬁE OF XLOG TO A'DEPTH OF 

o IDEPI STARTING. FROM THE/ TOP OF THE 10G.

{

A MAXIMUM OF 240 VALUES -ARE ALLQHED.

NI=240 I o e T
GO TO 21 L , p |
NI=NI-1 - , R -
IF (NI.EQ.0) GO TO 30 o ‘ o

ALJUST LOG BASED ON INPUT INTEGRATED LOG VALUES

WRITE (6,3) NI : o
FORMAT ('-*,I3,' INTEGRATED VALUES OF LOG READ').
XI=0.0 _ ) ' ‘
XLI=0.0 . : ' " A
J=0 ~
JL=1
ICI=IDS-1
DO 29 I=1,NI -
XLTGX (I) =XLOGI (I)-XLI
IDI=IDI+1?
J=Jd+1 ,
XI=XI+XLOG (J) -
IF (IDEPI(I).EQ.IDI) GO TO 25
GO To 23 - -
XFACT=(XLOGI(I)-XI)/(J-JL#])-
DO 27 RK=JL,3 = - )

1)

. XLCG (K) =XLOG (K) +XFACT
XLI=X10GI (I)+XLI ,
JL=J+1 . . .
XI=0.0 ’

. - o e
WRITE (6,4) IDEPI(I),XFACT -
FORMAT ('OCORRECTIQN FACTIOR TO a DEP?H OF ',IS5,% Is

-,F10.6)

WRITE (8),(XLUG(I) ,I=1,N)

: IﬁTEGRATE I0OG IN SO‘EOOT INTERVALS PRIOR TO FILTERING

IF (DCUT.EQ.0.0) GO TO 50

LE=50 o :

J=1 .
DO 39 I=1,N,50 |

~IF ((J+49).GT.N) LE=N-J+1

K=1+I/50 ] ,

"XLINT (K)=0.0 "
DO 35 L=1,LE . ,
ILINT(K) =XL INT (K) +X10G (J)
J=J+1

CONTINUE

.FILTER LOG

DPCUT=. 5/DCUT .
CALL LopASS(DPcur,1ooo.0,1,XLOG,N)
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ADJUST LOG AFTER FILTERING TO AGREE WITH INTEGRATIONS

10

OVER 50, POOT INTERVALS MADE BEFOhE PILTERING

%

WRITE (6, 1m

'FORMAT (*iv') . /

LE=50 i -

43

47
49 ,
WRITE (9) (XLOG(I),I—1 N) K .

J= 1_ 1 2 v. } : o M S =
‘DO 49 I=1,N,50 ' i ' ‘
IP ((J+49).GT. u) LE=N-J+1 |
K=1+1/50. , W' -

XI1=0.0 , ~ ' '

DO 43 L=1,LE - . |
XI=X I+XLOG(J) : A
J=J+1 - ' ; ' '

XTACT?XLINT(K)/XI ; L :

ID=J+IDS-2 ' al

WRITE (6,4) ID, IFACT . .ok

J=J-LE ' : '

DO 47 L—1,LE
XLCG(J)—XLOG(J)*XFACT
J=J+1 .

CONTINUE

BLOCK LOG INTO LAYERS

WRITE (6,10) °

XI=0.90
IDI=0
Is=1

ID=IDS-T

XLCG (N+1) =XLOG (N) .

“IDIL=0. : : , .
XIL=0.0 ' o

XAL=0.0 | L,

53

55

BN

{

DO 59 1=1, N
XI—XI*XLOG(I)
IDI=IDI+1
XA=XI/1D1
XT=ABS (XLOG (I+1)~ XA) ' : .
IF {(XT/XA. LT.XP) GO TO 59 S I ' e
IXT’ABS(XA‘XAL) : ‘
IF (XT.GE.XP*XAL) GO TO 53
IDIL=IDI+IDIL :
XII=XIL+XI o oo ‘ .
IAL=XIL/IDIL - : - .
IDI=0 s L =
GO TO0 59 | . - . : ‘ s o e
. IE=I-IDI o ' ' ,
‘IF (IE.EQ.0) GO TO 57
DO 55 J=IS,IE
- XLOG(J) =XAL



59

'61
63

65

67

91

92
99

N
WRITE (6,5) ID, IDIL, XAL
- PORMAT (' DEPTH TO TOP
' LOG VALUE = ',F12.6)
WRITE (4,6) IDIL,XAL
FORMAT (I5,F10:4)
ID=ID+IDIL | ,
IS=IS+IDIL .
IDIL=IDI
XIL=XI
. XAL=XX =
”IDI=0‘
. XI=0.0.
'CONTINUE
XT=ABS (XA-XAS)"
IF (XT.GE.XP*XAS) GO TO 61

"IDI=IDI+IDIL.

XI=XI+XI1
XA=XI/IDI
GO TO 65 :
IE=I-IDI : .
DO 63 J=Is,IE
XLOG(J)=XAL
WRITE (6,5) ID,IDIL,XAL
WRITE (4,6) IDIL,XAL
IS=IS+IDIL
ID=ID+IDIL

TIE=I-1 N

‘DO 67 -J=IS, IE
\ . XLOG (J)=XA.

WRITE (6,5) ID,IDI,XA '@,
‘WRITE (4,6) IDI,XA

WRITE" (3) (XLOG(I),I =1,N)
WRITE (6,7)

¥ .

= V,¥5,' THICKNESS =

FORMAT ('-SMOOTHED LCG WRITTEN TO OUTPUT FILE')

GO TO 99
WRITE (6,92) ' *

FORMAT ('1 A MAXIMUM OF 12000 LOG VALUES IS ALLOUED
"STOP - :

Lt

END

'v15?
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1 FORMAT ('1 LOW PASS PILTEGE DESIGN F

A

<
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- SUBROUTINE LOPASS(FC,DELT;IG,X,N)

SUBROUTINE BY DAVE GANLEY ON JULY 4, 1977,

THE PURPOSE OF THIS SUBROUTINE IS TO DESIGN AND
APPLY A RECURSIVE EUTTERWORTH LOW PASS FILTER
(RANASENICH, TIME SERIES ANALYSIS IN GEOPHYSICS,
UNIVERSITY OF ALBERTA PRESS, 1975; SHANKS, JOEHN L.,
" RECURSION FILTERS FOR DIGITAL PROCESSING, GEOPHYSICS,
vVCcL 32, PP 33-51,, 1967) . . ' '

THE FILTER WILL HAVE 8 POLES IN THE S PLANE AND

- IS APPLIED IN §ORWARD AND REVERSE DIRECTIONS SO AS

TO HAVE ZERO PHASE SHIPT. THE GAIN AT CUTCFF ’
FREQUENCY WILL BE -6- DB AND THE ROLLOFF WILL BE ABOUT
36 TCB PER.OCTAVE. A BILINEAR Z TRANSFOREM IS USED ‘
IN DESIGNING THE FILTER -TO PREVENT ALIASING PROBLEMS.

COMPLEX P (8),S (8) R
» DIMENSION D(8),X (1),XC(3),XD(3),XE(3)
DATA FCOLD/0.0/,TWOPI/6.2831853/ .
THIS SECTiON‘CALCULZTES HE FILTER AND WILL BE ifIEBED
IF ¥C IS THE SAME AS IT WAS ON THE PREVIOUS CAL

A

iﬁué CUTOFF FREQUENCY (6 DB DOWN) . E
D
G

.

LT = SAMPLE INTERVAL IN HILLISECONDS

= 1 MEANS TO REMOVE TH§ FILTER GAIN SO
THAT THE GAIN IS UNITY

DATA VECTOR TO BE FILTERED
LENGTH OF X . 2

X
N

IF (FC.EQ.FCOLD) GO TO 31 . \”2
FPCCLD=FC &\ )
WRITE (6,1) FC,DELT N

. A CUTOFF '
- '"FREQUENCY OF *,F8.3,' HERTZ.',//' gﬁPPLE INTERVA
-+F5.2,' MILLISECONIS.')

CT=DELT/1000.0 .

TDT=2.0/DT '
"FDT=4.0/DT

FDT 2=TDT*TDT : :
p(1)=cupLx(-,19509032,.98078528)

P(2) =CMPLX(~.19509032,-.98078528) \
P (3)=CHPLX(-. 55557023, .83146961)

P (U4) =CMPLX (~.55557023,~. 83146561) _
-P(S)=CHPLX(-.83106961,.55557023)‘
p(6)£cmpLx(-;83146961,-.55557023)

P (7) =CMPLX (-.98078528,.19509032)

P (8) =CMPLX (~.98078528,-.19509032) o

WC=THOPI*FC o

WC=TDT*TAN(NC/TDT)

DO ‘19 I=1,8 '

19 S(I)=P (I)*¥WC | \



000

2 FORMAT ('-S PLANE ponxs'ApE AT: ', /% ', 6(," v, E12.6,

. \ ' " -
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WRITE (6,2) S

. ."+ I "E12.6))

G=1.0/RC .
G=G*G .

| G=G*G ' <

G=G*G . . e

DO 29 I1=1,7,2 '

_T1=REAL (S (I))

T2=AIMAG (S(I)) - .

T2=T 1%T 1+T2%T2 ' &
=FDT 24T 2-T 1*FDT

< D(I)=(T2~FDT2)*2.0, (

3

29

31

34

35

D (I+1)=(FDT2+ T2 +T1*FDT) /A S

G=G*A .

G=G*G

WRITE (6,3) |

FORMAT ('~FILTER IS (142) *%8 ,/ B1#B2%B3+B47)

WRITE (6,4) D :

FORMAT (4 (/' B(I) = 1+ ,E12.6,' Z + ',E12.6,' 7+%21))

* WRITE (6,5) .G

FORMAT ('-FILTER GAIN IS ',E12.6) - - .
IF (IG.EQ.1) WRITE (6,6)
FORMAT ('-FILTER GAIN IS REMOVED TO GIVE UNITY GAIN')

APPLY EILTER IN FORWARD DIRECTION

XM2=X (1)

IM =X (2)

XM=X(3)

XC(1) =XM2 . -

XC (2) =XM1+2.0%*XM2-L(1) *XC (1)

XC(3) =X¥+2. 0% XM1+XM2~D (1) #XC(2) D (2) *XC (1)

XD(1) =XC (1) | .

XD (2)=%C(2) +2.0%XC(1)=D(3)*XD (1)

XD(3)=XC (3) +2.0%XC (2) +XC(1)~D(3) *XD (2)-D (4) *XD (1)
XE(1)=XD (1)

XE (2) =XD(2) +2.0%XD (1) -D (5) #XE (1) _

XE(3)=XD (3) +2.0%XD (2) +XD(1) ~D(5) *XE(2) -D (6) *XE (1)

X(1) =XE(1) - N "

X (2) =XE(2) +2.0%XE (1) =D (7) *X (1)

X (3) =XE (3)+2.0%XE(2) +XE(1) -D(7) *X (2)'-D (8)*X (1) -

DO 39 I=6,N : S

XM2=XM1

XM1=XM J . :
XM=X(I) , : \ i
K=I-((I-1)/3)*3 : :
G0 TO (34,35,36) ,K

M=1 o

M1=3

M2=2

GO TO 37

N=2 :

M1=1

’
L 4




nanon

36

37

M2=3

GO TO 37
N=3
M1=2 » :
M2=1 - ; S
XC(M) =XM+2.0% XM1+XM2-D (1) *XC (M1),~D (2) * XC (M2) .
xn(u)=xC(n)+2.o*xC(ul)+xC(u2)-D(3)*xo(u1)—n(uy*XD(u2)

o XE(M)=XD(M)+2.0*XD(M1)+XD(M2)-D(5)*XE(M1)7D(6)*XE(HZL

39

’ FILTER‘;N REVERSE LIRECTION

 xM2=X(N)

X(I)=XE(M)+2.0*XE1M1)+XE(M2)—D(7)*X(I—1)—D(8)*X(I—2)

-

XH1=X (N-1)
IM=X (N-2)

" XC (1)=XHM2 - S o

uy

45

46

47

49

YC(2) =XM1+2.0%XM2-D (1) *XC (1)
XC(3)=XH+2;Q*XH1+XH2-D(1)*XC(2)-D(Z)tXC(l)

XD (1)=XC (1) ,

XD(2) =XC (3) +2.0*XC (1) -D (3) *XD (1) '
XD(3)=XC(3)+2.0*XC(2)+XC(1)—D(3)*XD(2)—D(U)*XD(1)
XE (1) =XD (1) ' o -

XE(2) =XD (2) +2.0%XD (1) =D (5) #*XE(1) -
XE(B)=XD(3)+2.0*XD(2)+XD(1)—D(S)*XE(2)-D(6)*XE(1)
X{(N)=XE(1): . : '

X (N-1)=XE (2) +2. 0*%XE (1) =D (7) *X(N)
x(N—2)=xE(3)+2.Q*xz(2)+xz(1)-0(7)*x(N—1)—D(8)*X(m
DO 49 I=y,N -

XM2=XM1

IM1=XM

J=N-I+1

XM=X (J) ,

K=1I- ((I-1)/3) %3 _

GO TO (au,us,as),x/ A

H=1 - (

M1=3 o

¥2=2 ' :

GO TO 47 '
M=2
Mi=1 —

M2=3

GO TO 47

M=3 - )
M1=2 - .
MN2=1 - \\ ;

XC(M) =XM+2.0% XM1+XM2-D (1) #XC (M1) -D (2) * XC (M2) _
XD (M) =XC (M) #2.0%XC (M 1) +XC (M2) D (3) *XD (M1) —D(4) % XD (M2)
XE (M) =XD (M) +2.0*XD (M1) + XD (M2) -D (5) *XE (M1) D (6) *XE (M2)
X(J) =XE (M) +2. 0*XE (M1) +XE (M2) -D (7) *X (3+ 1) ~D (8) *X (J+2)
IF (IG.NE.1) RETURN _ @

DC 59 I=1,N .

X(I)=X(I)/G

. RETURN

END

-

=
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C
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5

N
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C
C

CHd®x

9
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LOGSMOOTH2-BY DAVE GANLEY ON AUGUST 16, 1977

- THIS PRCGRAM IS MEANT TO BE USED HITH LCGSFOOTHI.

LOGSMOOTHY WILL PRODUCE A SMOOTHED LOG AND THIS

- PROGRAM WILL ELIMINATE THIN LAYEES IN A ZONE OF

MONOTONIC CHANGE IN LOG VALUE. THIS IS DONE BY
AVERAGING THESE THIN LAYERS INTO ADJACENT LAYERS.

DIMENSION X(1200), 10(1200) Y (1200) ,JD(1200)
READ (5,1) IDC,XP,IDS

IDC = CRITICAL THICKNESS. LAYERS OF THIS THICKNESS
OR LESS ARE ELIMINATED IN A ZONE OF MGNOTONIC
CHANGE IN LOG VALUE.

XP = PER CENT CHANGE BETWEEN LAYERS THAT WAS USED IN
BLOCKING THE LCG CRIGINALLY. CHANGES IN LOG
VALUE LESS THAN THIS PER CENT WERE NOT RECOGNIZED
AS DIFFPERENT LAYEFRS

IDS = START DEPTH QF 1.0G

FORMAT (I5,F5.0,1I5)

WRITE (6,5) IDC,XP ,
FORMAT ('ID = ',I5,' PER CENT = ' ,F7.3,//)
XP=XP/100.0 :

IDC2=2%IDC '~ ,
DO 9 I=1,1201 , N
NI=1I °

READ (1,2,END—10) iD(I),X(I)

ID = LAYEE THICKNESS FOB BLOCKED 1LOG PRCDUCED BY
LOGSMOOTH1
X = LOG VALUE POR IAYER CF THICKNESS IDp

CONTINUE
FORMAT (IS5,F10.3)
WRITE (6,3) .
FORMAT ('1 LOGSMOOTH2 CAN ONLY HANDLE 1200 LAYERS')
STCP
N=NI-1
J=1
I=0

I=I+1 . : v

IF (I.GT.N) coWro 40

. IF (ID(I).LE.IDC) GO TO ¥3

Y (J)=X(1) (

JD (J) =ID(T)

J=Jd+1 . .

~’GO0 TO 39 :

IF (I.EQ.1.0R.I.EQ.N) GO TO 12

XS=X(I)-X (E-1)

IF (XS#*(X (I+1)-X{(I))-L1.0. 0) G0 TO 12

IDI=ID(I) .

XI=X(I)*ID(T)

mante e L e

s
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K=I+1 ' ) -

15 IF (ID(K) .GT.IDC) GO TO 17

IF (IDI+ID(K).GT.IDC2) GO TO 17
XST=X (K)—X (K- 1)

IF (XS*XST.LT.0.0) GO To 17
XI=XI+X (K) *ID(K)

IDI=IDI¥ID (K)

K=K+ .

IP (K.GT.N) GO ™ 17

GO TO 15

17 XA=XI/IDI
XT=XA-Y(J~-1)

IF (XT.LT.0.0) GO ™™ 21 v
XT=XT/XA
GO TO 23 )

21 XP==XT/Y (J~1)

23 IF (XT.GT.XP) GO To 25

Y(J—1)=(Y(J~1)*JD(J")‘YA*TDI)/(Y“TOJ“(J ™

JD(J- 1) =JD (J~1) +IDT

GO TO 38

IF (K-GT.N) GO TO 37

XT=XA-X (K)

IF (XT.LT.0.0) G0 Tn 27

XT=XT/Xa

GO TO 29

27 XT=-XT/X (K)

29 IF (XT.GT.XP) GO TO 31 .
x(x’:(X(K)#ID(K)4XA*TDT)/(IDTOYD(K))
ID(K)=1ID (K) +TDT
GO TO 38

) IDI2=IDI 2 .
Y(J~1)=(Y(J-1)*JD(J—1)*XA*TDI2)/(IUT?#J”I‘ "o
JD(J-1)=JID(J-1) +IDI2
X(K)=(X(K)*ID(K)+XA*IDT2)/(T“7701P("))
ID(K)=ID (K)+IDI2
IF (IDI.EQ.2%*IDT2) GC TO 38

34 IF (AES(XA-X(K)).GT.ABS(XA—!(J-1))) LSRN AT
X(K)=(X(K)*ID(K)'Xl)/(1.007D(w))
ID(K)=ID{K) +1
GO TO 38

35 Y (J-1) =(Y (I-1) *JD (3 N ¥ (Y neap (1 1y
JD (J—1)=JD (J-1) ¢ 1
GO TO 38

37 Y(J)=x1/np1
‘JD(J)=IDI‘\ !

J=J+1 T

38 I=K-1
GC TO 39

80 IDS=1IDpS-1

CI=3-1
DO 49 1=1,9
WRITE (2,2) JD(I),Y(T)
WRITE (6,4) IDQ#JD(TD,Y(I)
IDS=IDS+JdD (1) ~
49 CONTINUE

-

25

-
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49 CONTINUE . .

4 FORMAT (' DEPTH TO TOP = ‘',I5,' THICKNESS = ',I5,
.!' LOG VALUE = ',F12.6) -
STOP : “
END



