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‘sztract
1 i .
Seismic waves are observed to attenuate while propagating

*through anelastxc 1nhomogeneous medxa. Intrxns1c attenuatxon
is that component of the attenuatxon whxch is due solely to
"the anelasticity of the media andnls @escrxbed in terms otla
‘ quality factor} Q. In this study, the Qariation ot intrinsic
attenuation pwith‘\depth is investigated in the‘neighborhood
of a S kiloneter deep,horehole located on Meluil;e Islandvin
‘the ' Canadian ‘Arctic;: The data froml"a Verticai Seismic
Profiling (VSP) survey performed in the well i s anaiysed
with the spectral ratxo method. The results 1nd1cate good

_ . ‘

correlation between a highly attenuat1ng zone ‘ﬁand a

sandstone‘unxt of the‘Bouer Triasslc period, located betkeen o
1400 meters and 2500 meters. The specific attenuation‘ for -

the region is found .to be approx1mately 04458 (Q ™ 22) thhnl

a standard dev1atxon of .03998. This: compares w1th a low - Q,

r
of 25 quoted in the lxterature for ' a study An the North Sea

basin. However, in \he: Lower Trxasszc~ layer the' sandstone o

‘has ‘anvanomalously h¥h specific attenuat1on of 10501 (Q ﬁpi'

10) with a standard deviat1on$of 05783 Immed1ately aboveﬁf}‘
4000 meters“there"exists -a second low-Q zone, where the*fl
spec1f1c attenuation 1s 08337 (QF = 124— w1th a’ standardiﬁ
devratron of 04202 These results are somewhat h1gher thanp‘
~those;f0und'in the-—North Sea bagin. A portxon “6f the

fsandstone layer ‘exh1b1ts a frelatxvelx/ high Q-value with

respect to the rest of the layer. Thxs could be fthei reSult

of | elther ‘thev presence of a flutd of felat1ve1y lower

. . . . nt “e:
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| viséosity, a ‘difference in saturatxon, an increase in pore'
aspect ratxo, or a. deErease in poros1:y.,From an analy51s of
seismic velocxty dzspersion 1t was concluded that scatterxngl

of seismic energy and the effects of 1ntrabed multxples mayr

be the cause of 62% of the observed attenuatzoﬁ “The results

\

1Llustrate that cqrrelatxgn of Q wxbh 11thoIogy remaxns

A

feasible despite' the presence of £1ne 1mpedance Q;ructures

which, generate 1ntrabed multlples and exaggerate scatter1ng

N
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] o - Chapter j'
| . Characteristics ot'Attenuationl
1.1 Introductxon and‘Research Goals. : - .
Thev crust of the earth has many propertxes that are of
interest \t0' researchers in * geophysics, - geology, ~and
‘geocheﬁistry. ~In : exploratxon geophysxcs the important‘

properties include the compressxonal and shear seismic

)
o ‘ o

velocities, _ the ‘density of 'a rock, its vmagnetio‘

charac eristicslandlelectrioal conduotivity; porosity, ' and
of gas or“fluio‘ ;atoration. ‘A‘property that has
'ly been shown to be useful in the exploratxon for ‘oil
the. degree;of anelast1c1ty of a rock The more anelastlc

a materxal the greater is the 1ntr1nsxc' attenuation of “an

elast1c wave ,pa551ng through it. To date, many laboratory'

4
ererxments have demonstrated that 1ntr1nsxc attenuatxo

1

\
correlates well with rock propertxes such.as the level of

flu1d saturat1on miorostructure, ‘the‘ v1scos;ty of pore

fluid, - and poros1ty,' These parameters are 'difficultftd

' . } ‘ 3 '
obtain fgem in situ rocks, however,- there are 1nd1catxon8

that the. amount . of* 1ntr1n51c attenutatxon undergone by a"

pa#ameters., S

In exploratxon geophy51cs waves of se1sm1c frequencxes

arew'used because& they ‘are easy to generate and they\‘

propagate large dlstances w1th1n‘ the _earth, ,Laboratory‘“ﬁ

o

attenuatxon exper1ments, unfortunately, = require sonic - -

-t

"rq‘e‘-

D

trave111ng wave will y1e1d 1n£ormatlon regard:ng these

[xv
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frequencies because. the attenuation of the lower seismic
' frequencies is not sufficient to be measured. on small
laborétory rock samples' and the wayelengthé{%re too long to
make me;surements possible. Seismic and sonic siénal; do not
attenu;te in the same manner, thus, In sftu measurements of
seismic attenuation are required fér direct application in .
exploration geophys%cs.‘Very few suqh suryeys have been
conducted, consequently, it remains to be shown that In situ
experiments can reliabl} yield intrinsic attenuation
megsurements. |
This study attempts to extract values of intrinsic
attenutation “~from seismic data collected In ‘situ, to,
correlate the results with the local lithology, and to
sug§e3£ how microstructure, saturation, viscosity, and
pérosity may vary with depth. The 1lithology of the study
area 1is available and it is impo:tqqt, for. the sake of
confidence in the attenuatiqn  profile, to be. able to
associate anomalous: attenuafion measurements with specific
rock types known to have certain rock prbpértie;. Once
confidence is géinea, rQ&k pfdperties, such as those‘listed
above, can bg inferred. 3Qf‘ \ o
Datalbollgstedlfrém a Vertical Seismic Profiling survey .
is analyséd iﬁ fhis¢s§§ay with the spéctfal{rgtio method. It
is found ‘thaf ‘the effectsi of intrabed lmult{pleé and

scattering ¢§y$e an apparent'attenuation that may obscure

ey Ted e e N oL
the true ‘intrinsic attenuation. Nonetheless, a positive

corfelatibn betveen the lithology and the  attenuation

v




profile is found, indicating that variations of intrinsic

N

attenuation are, in fact, being observed.

1.2 Formulation and Notation

. The apparent ,attenuation caused by intrabed ﬁultiples
and scattering contains no interesting information feéarding
attenuation me‘alsurement:s, consequently,'atgempts are made to
remove jit. Intrinsic'attenuation, on the other lhand, bis“a
direct consequence of the anélasticity of a medium which, in
turn, is characteristic of the rock properties mentioned
earlier. Following is a detailed discussion of the
formulation and noﬁation used in studies of  intrinsic
attenuation.‘

Elastic materials are those which return to their
initial shape ‘after an applied stress, which has deformed
the'material, is subsequently removed. 1f, however, some of
the _input energy required to deform the material is lost-
during the stressing process, for example in the form of
heat, the -potential energy‘integrated over a stress cycle
will not equal the integFated input energy. Consequently, an
equal and oﬁposite strain'does not result and there remains
some de;grmation, or strain. Such is the case Qith anelastic

materials.

1]
L4

Hooke's law states that for an isotropic elastic medium

\

“the magnitude of_a stress acting on an elementary volume is
proportional to the magnitude of the resulting stféin, But,

if. the stresél‘is zero, - as in -the final staée of the

'



\
- - 3 5 0 -
anelastic materjal discussed above, and a strain remains,

then Hooke's law is Qiolated. Thus, it can be said that
anelastic .materials do not:obey Hooke's law. However, it is
true that a, sinusoidal stres$ of angular 'ffequency, w,
acting on an anelastic elementary volume will result in a
siﬁusoidal strain' alsd of angular’ freqpency, w, and
exhibiting a phase lag ﬁith'_respect to theﬂstress. The
amplitude of a sinusoidally varying stress is proportional
.to the aﬁplitude of a sinusoidally varying strain, whereas
the magnitudes are ﬂot related by  a constant of
proportionality. v ' .

To gain further insight into—the nature of intrinsic
wave attenuation consider an anelastic elementary volume
undergoing sinusoidal extension sucﬁ as that caused by a

compressional wave travelling in the x-direction. The

magnitudes of the stress and strain are,

a
— - -

- P giet (1 a)
e =t el®t | | G

where P, 8nd & .are the amplitudes of the stress and
'strain respectively. The lack of proportionality of the

magnitudes and their difference in phase is accounted for



simultaneously by requiring the ‘'amplitudes to be complex

‘quantities. P
. /

5 From the discussion ggbve, ’ : )

el /

—_—
N S

XX XX

Note, for perfectly ‘elastic media the magnitudes beggme
proportional as mentioned earlier, and are related by\ a

constant of proportionality as follows,

"I‘nstant of proportionality, (XA + 2u), is called the

elastic modulus, where A and u are Lamé constants. In the

anelastic case there must be a constant of proportionality
between the complex amplitudes, thus a complex ‘elastic
modulus is introduced,

Cmeas
[ .

~

XX

S S § RN MRS Y SRS M S 1IN (2)

4

= (MMt



. 6

where M = A + 2u, M* =A% Zu‘, and = deqptes the imaginary
component. Note that as M* becomes small with respect to .'M
the stress-strain relation‘for elastic media is approached.

Rewriting equation (2),

\ P - p
£ - - XX - XX.
XX M o+ iM* M1+ iM*/M)

¥ The Maclaurin series expansion of tRe term in brackets is,

1
(1 + iM* /M)

M

Note, also, the following expansion,

A * * ¢ .
MM ) - 12 a3

'1f it is assumed that the quantity (%é)
\ e . - o ) )

equivalent to saying .the material is near-elastic, then
. % : , ,

povers of (g—)'greater than 1 can be neglected. Thus,

-

‘<< 1, which |is

_ RS -2 * ' i
o 2 I

XX



oM /M ‘ LT
XX ’X

Lo -
'Substituting Pox back into -equations (1 aQ) and (1 b),

L)

i ot + M* /M)
xxl . .

——ra

Pyxo. (3 2):

iwt —~ ) | 3
Xx xx€ _ (3 b)‘

-

Consequently, the constant of ‘proportionality between
the amplitudes of a sinusoidal stress and the resulting

strain is,

it

R
MelM /™

The magnitudes are not related by a constant  of
: ' T N . BV
proportionality, and there is a phase difference of (5—)

between the stress and s;rain,‘
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Cons1der now, a travelling plane wave in an anelastic
medlum. It has been‘observed'fﬁat such a ‘wave experxences—an
exponential decay of its amplxtude wzth dxstance (Aki and
LRichards,‘IQBO), and that the power of the decay exponentxal
varxes 11nearly vxth frequency (Knopoff 1964). An extensive
review of the literature can be found 1n,Ganiey (1979).‘

\Tne scalar ;ave"equation for a.planelcompreSSiona% uage
travelling in an elastic solid in the x:direc;ionfis,

”

‘ . 2 . ‘ 2

' 0° u(x,t) 9° u(x,t)

(A + 2u) > ' =0 =
S -3t

vhere »p is‘the density of the solid, and u is the particle
dlsplacement along the x-axis. The corresponding equation

for ‘a homogeneous anelastlc solxd 15',,u

"~

-
1

. | a2 2
e e 200+ 16D %2-—“("") - p L uixe)
T et x * °t

- .

(M‘+'iu‘) .a ,ul(x,t) - P-a U(f't).‘ | (4)
| ' ‘. 5:; . _

The prevxous arguments apply to a stat1onary s1nu501da1
stress of angular frequency, W 8uch a stress gives rise to

‘vavsinuso;dalldzsplacement, also of angular frequency,_w,~‘ .

i ‘i::fi?



iwt
u(t) = U e

o

wherevggb is 'the initial displacement ampltitude. If the

‘stress is|propagating yith a wave number, k, then so .will

~the displagement, &

Y

- -t

u(x,t) = erlkéelwt o o (5)

where U, is the initial dxsplacement amplxtude at- the X

L _ \ *
origin. Insert1ng equation (5) into equat1on (4) gives, :

¥

2 1kx 1wt 2 1kx 1wt

%Q -(M + imM* VU, kZe = -pU w'e "Te’ ;
X O . (.w - ) e
, q , , Niv
‘ 2 pw? o ow? o <¢f TRY
kK = — - = 4 3 = (k. ¢+ iki) ~

. M +-iM O M(1 + iM /M)y ) R e

Pt g T . oL § . : .

[ -
o where k. and k ‘efe the real and 1magxnary parts of. the
f‘complex wave number whlch results from the 1ntroduct10n of

e ‘complex elasﬁqz‘ constants.' Aga1n, if - (%—) < 1'then the -



™ foilbwing is true, .
2 x 2 ok
2 _ pwt . M pw” _-i(M /M)
K __M,(l ig ) = M e
Lk = e /2T /M
~ 20(@)/2(1 - M)
‘M - T2M
‘ ' .
. The velocity is given by,
. (M 1/2
v = (p) ,
CL@
. l theref‘ore,' B
‘ YW M B
k= 2lG - iyl
-
. . " kl’ "‘ :t-;‘and' ki v°‘ ¥ m ~

LI

10 -
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The bexng that the dxsplacement due to. a travellxng

a

wave. e posxtzve x-direction becomes,‘

cu(x,t) = erxp[-(i% 4 %’-::T‘)x]exp[iwt]

/ ———

{ -
b : N B ) ' ‘ R v
./ . | { = erxpfi(wt - %X)]exp[—ggﬁx] o (6)

Often the #tgument of the last exponential on the right is

related to a spétiel attenuation cdefficient\ a, such that,

,alw) '.ki*f'ivﬁ . ) o (7)

' L ' ' Lo

—~

Recall that during the stressing of 'an',anelastic

’ material.lenergj is lost to the matepéa}.»?ofan oscillating.
streSS'tne ratio of the strain energy‘lest per cydle?;Ag;dto '“

‘the peak stra1n ‘energy of the cycle E, is. en indicéfion,ei‘

- theﬂdegree of anelast1c1ty, and is; referted to sﬁ the};
e epecific ‘ attenuat1on ‘after Knopoff (1964) a Murphy :If
(1982) and McCann and McCann (1985) or s1mp1y ‘attenuat1on
)nhen', used in thls context. The process Qf xxntrins1c s
attenuat1on::ie frequency dependent bdt»',the. Spec1£1c

I éitenueinng'(attenuat1on) is a parameter wh1ch is genetally



ihdependeﬁt of fré&déncy; This re;io‘ 'is inversely '
‘ proportional to the qualxty, Q, of the  material. “Infihite"
‘ + . 4 “

qualzty corresponds to a perfectly elastic’ -solid. The

spec1f1c attenuatzon may be defxned as,

e 1 _ AE - |
Specr1c Attenuation = () = > . (8)

By relatxng energy +flow to stress and stréin,"given by‘

equat1ons (3 a) énd (3 b), it xs found that for Q >> 1,

AE
275

AZF!

‘CbnSeQﬁegtly, by equation (8),

i

SRl o (9

Some ' authors prefer to define the specific attenuation as é "
T . .

Il

attenuatxng med1a. Regardless of the def1n1t1on of spec1f1ce

U

_attenuat1on, equat1ons (6) and (7), 1n terms of Q, become,

g—. These two def1n1txons agree‘,closely fo r  weakly Y
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u(x,t) = Ugexpli(ot ~ 2x) Jexpl-p2x] (10 a)
| : 5
'a(;.;)af‘;’—QfopQ>>1 (10 b)

1.3 Significance of Attenuation'Studies

V‘A number of experiments have been conduoted ln an
attempt to find Q—values for a. varlety of rock types underl
dlfferent levels of poros1ty, tluxd and gaS'satutation,
degree of consolzdatxon, : temperature, and level“.'ot
hydration. The"experiments have been conducted both in the 3
‘laborator} and in the field and, while a oreat deal more

work is required in this.atea, the likelihood of being able

'tohdiscern the lithology of a borehole, ~or the level of
fluid/gas saturatlon, fuia"1ts Q-log is hlgh (Stalnsby an
AWorth1ngton, 1985) ‘5 | | |
o wlnkler and Nur (1979) suggest that one would b'jh
'lto monltor steam 1n3ectxon zones by- measutingl‘atten 'tion;

sxnce th;s'quant1ty is very‘sensitive'to the‘level of fluidv'~

- =

(saturation in porous media. In the1r studies: on’ Massilont'~”

sandstone they found P-wave veloc1t1es to vary approx1matelyg.”

15% between fully saturated and dry rock However,‘ the*:
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attenuation was noted to vary by 500% or more depend1ng on
the confinxng pressure.‘In addxtion, they speculate upon-the

"usefulness of attenuatxon studxes 1nnearthquake pred1ctxon
‘Wlnkler‘ and Nur - (1982) 1ndxcate that thh knowledge of bhe
velocity profxle, the porosxty, and other rock parameters
includ;ng‘ spectfxc attenuatxon, it may " be possxble to

L determinevtlnid»content‘ permeab1I1ty, and mxcrostructure of
‘”the lxthology, lnformatxon wh1ch 151 of 1nterest,1n 0il

‘ / . .
exploratxon. . ‘ T

/
/
«f

- o . ‘
In addition ‘to the above,‘seismic.inversion and the -

qualxty of synthetlc se1smograms would be improved with a’

more complete runderstandrég of attenuation (Kan et al.,

\

1982).

1.4 Loss Mechanisms //

A l . ) ) // ‘ I ‘
‘There exist a number of energy loss. mechanisms which

have’ been proposed to account for the observed intrinsic”

~-attenuation of a seismic wave as it propagates through .the
éartho ‘. - o " ’ - b ‘ | . BN

A thermoelast1c loss mechanxsm was studxed by Tre1te1

inl 1959 in whlch the_heatﬂgenerated by the compress1on due

| - to a pa551ng P-wave lwaé exam1ned Because ~ the | heat

'd conduct1v1ty of rocks 1s not zero, heat generated by a local
k, compre331on is. alloved to d1ss1pate and .50,‘the radxated
‘{.A. energy ié. not ava1lable‘ when the rock »rarefacts. Thxs -
‘f mechanxsm vIIl attenuate compress;onal waves but not' shear'

waves as no compress1on or ratefactxon takes place dur:ng a

Q
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shearing stress. Trextel houeﬁer, calculated theoretlcél
values of the attenuatxon coeffxcxent for rock due to the '
thei?oexﬁétxc mechanxsm and concluded that 1ts effects vere X
far too small compared to actual seismic attenuation to . be
of any sxgnlﬁlcance. ' | N . -
Rnopoff. and’ MacDonald (1960) as. welligound the leffects“
of thermoelastxc‘ loss to be too small to 'be of concern 1n
sexsmology They also studxed Raylelgh scatterxng losses and

A\

‘ loss‘ in ferro -magnetic media. Agaxn, at seismic frequenc1e5~¢

-~

these mechanisms could not account for the observed energy
losses. . . ' = | i | | f‘

| ‘Inl experimentsl‘employlng' temperatures of ' 120°C,
kiloH€rtz ‘frequenciesj and conglningupressures ot 200 bars,
Jones and Nur (1983) dismissed\a.thermal relaxation‘ prodess
'as“'n attenuatlon ‘mechanism. Instead, they proposed that
vrs@QUs fluid flow. controlled the d1ssxpatxon
Gordon »and Nelson (1966) con51dered ‘many loss.
mechanlsms.‘One of them was stress 1nduced orderlng in which
a redlstrxbutxon‘ of atoms in a dry crystal takes place due
bto the heat generated by stress. They found that thiS' dld
"4not allow for the large amounts of attenuatxon experlenced
by a se1sm1c wave.. _ d“ . | ‘ “ . ’ |

| Jackson ‘and Anderson (1970) Gordon and Nelson (1966)

and Johnston et Hal, (1979) “all consxdered frxctlonal
j{sl1d1ng between crack walls ergra1ns 1n unconsolidated dry

“frockjat low pressure.z Under an alternatxng stress the

‘.grains, or walls ‘are thought to sllde past each other with
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=

0

~
"7

t g%resblting heat ,radiating away.
S G :
n another 'sgnse, viscous fluid in a saturated porous

[
N

)
medgum ‘may‘ flow from pore to pore due to a passing seismic

distr »hce. This assumes a continuoéus netwock of pores and’
“w B - ) ¢ ;

channels through which the fluid is able to pass. Biot's
. X .

A

theory (1959 a, b) describes the propagation of elastic

i
\

,vaves in such a’ saturated porous elastic solid. He

considered a compressible. fluid which has the same density

such as a water-saturated rock. The flowing

as ' the solid,
' C v '
!

liquid eXperiences friction with the pore walls and results

in the wave bexng attenuated.

"

‘The last mechanlsm cpns1dered here, by which energy may

be dxssxpated is descrlbed by ‘the viscous squirt flow

theory. The model involves a partialiy saturated porous

elastic media where the pore spaces are isolated from one

another. Within 'each pore there exists an incompressible
7
3/4\

f1u1d' gnd a '‘gas. Under wave excitatien the %ﬁiagﬁalls are
deformed decreasing the volume.within the.pore. #&é viscous
fluid then flows, or squirts, and viscous 1osses ocgur due
to heat generation,

.In the final ‘analysis there are three predominant

‘.

-theoretxcal modelsf which are able to account for the
observed attenuatxan of seismic waves in porous media. These

are frictiopa;wgrainvsliding, Biot's mechanism, and viscous

£
W M

'sﬁuirt flow:, .-

: Attenuatzon has been observed txo depend on a great‘

varlety ﬁf phys1ca1 parameters. Jones and—Nur (1983) have

.
NN
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studied the effects of fluid vxscosxty and temperature on
attenuation in the kxloHertz frequency range. They found
attenuation to decrease with increaeing temperature. Nyland
(1985 a, b) carried out a‘ theoretical analysis of" the
temperature dependence of attenuation in oil sands and
concluded that astenuatiun is very sensitive ‘to temperature
fluctuations. The dependence on strain amplitude was,studied
by Winkler and Nur in 1982. There is also a ‘dependence on
pore fluid pressure (Winkler and Nur, 1982, Jones -and Nur,
1983), confining pressure (Winkler and Nur, 19éi,vJone5“ and
Nur, 1983, Wink;er, 1986), rrequency (Winkler and Nur, 1982,
Jones and Nur, 1983, Murphy III, 1982, Winkler, 1986, Hovem
and Ingram, 1979, McCann and MéCaun; 1985), and saturation
(Winkler -and Nur, l§é2, Sgencer,‘ 1981, Murphy 1III, 1982,
Winkler, 1986). Murphy 111 (1982)‘;tates that energy loeg‘is
"very.sensitiug" to partial water saturation. ‘He continues
%o show’that, in his studies on partially saturated Massilon
"sandstone and Vycor porous‘glass, the specific attenuatxon
is "strongly frequency dependent” through the aoeustxc range
1 kHz to 10 kHz, otherwise known as the sonic frequency
band. However, frpm 10 to 100 Hz his data.shpws almost no
’dependence on'frequency, aqd in ‘dry sandstone they are
comp&etely"vihdeéendent. Spencer (1981) states that
vacuum-dry rocks demonstrate "negligible attenuation” while
water-saturated samples o? sandstone, limestone, and_grenite
show large attenuetion peakg with frequency. Winkler and Nur

£ .

(1979, 1982) observed that partial> water saturation

)} »
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”significéntly“ increases the attenuation of both P- and
S-waves when compared to the attenuation in dry. rock. 'In
1979 they demonstrated that P-wave attenuation in Méssilon
sandstone reached its maximum value at a saturation of 95%.
The three possible attenuation models meﬁtionea above
are all found;to produce results comparable to observation.
However, théy are individually applicable only to specific
freguencies and"éaturations, or only become important under

certain pressure conditions. There are six such major

rééﬁmes of concern in attenuation studies:

'

1. dry porous focké N
2. partially saturated poréus rocks

3. saturated porous focks

4. ultrasonic frequencies (100 - 1000 kHzf
5. sonic frequencies (1 - 10 kHz)

6. seismic frequencies (10 - 500 Hz)

Winkler ‘ané Nur (1982) interpreted an attenuation
depéga;hce on strain amplitude as eviden¢e for frictional
sliding. at grain conﬁactg. They observed, however, that at
typical In situ seismic strains. and confinihg\ pressures
‘there 'was'na_atfepuation débendenée.dn'thé amplitude of the
‘induced strain. The conclhsion they drew was that frictional
_ sliding was "not a siénificant" source of seismic
attenuation In situ. The  same - conclusidn()was' reacﬁéd by

| Murphy III in‘1982 in ﬁis'studies on Massilon sandstone and-



Vycor porous glass in regards to sonic ffequénciés. The
importahce of grain‘ sliding‘ is debatable since Gghléy
(1979), and Johnston et.al. (1979) rate this mechanism as
the most iyportant éause of absorption.

Biot's mechanism and ;Se viscous squirt flow mechan}Sm
have been compared to observations by many authors in ﬁhe
past decade. Hovem and Ingram (1979) studied saturated
marine sgdil;lents in the'_zo kHz to 1000 kHz range. They
studied' the frequency }dépendence of attenuation and their
results agree well with Biot'S theory from 60 kHz and 1up,‘
howevéf, in the 1lower frequencies shown the discrepanéy
inéteasés. Their conclusion ‘was that for gseismic
frequencies, and in media with less permeébility,‘the Biot

_ viscous losses will be much smaller while other mecﬁanisms
éfe ”likeiy to be of pigher importance. McCann and McCann
(1985) have formulated a modified Biot theory. for fully
saturéted"ﬁédia with which they found rexcellent"” agreement
with }ecentyobserved data, but{again, only in thé 10 kHi to
2.25 MHz range. o |

| tWinklgg and Nur (198%) .héve studied P- and S-wave
j‘attehuaFion'Lfor fully saturated Massilon sandstone in ﬁhe
. 500 Hz to 9000 Hz band (seismic' to sonic) and observed a 3:1
ratié in the absorptidn‘of S-waves to P-éaves.‘Tﬁey‘state
tha;;éiot's theory is "reaédnably consistenf" with this
?bservation but ;hat 2 ratiqﬂ;ucﬁ as ﬁhis (as/ap > 1) may
'ply 'that Biot's absorption is _'déminatedv_ .“by" other

mechanisms in the samples . they were ,considering. Their
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Ihrgumeht is based on the overalt hagnitude of the absorption
observed.

Johnston et al.‘(1979)‘applied Biot?s theory to Berea .
sandstone and they agreed with the results of Winkler and
Nur (1982) and Hovem and Ingramw(1979). They‘said_thet at
low freéuencieé Biot's theory predicte values of:ettenuation
which are an‘order of magnitude lower than‘thatpéhserVed.’

There are, of course, researchers uho prefer mechanisms
other thau those pointed out“here to explain their-
»j observations. Liu et al. (1976) have discussed the ~cpncept
of the superposition of twelve relaxat1on mechan1sms in a
linear viscoelastic solid which is able to account for'f
obSerued levels of attenuation, Howeveﬁ, this eoncept is not
related to levels of fluid saturatioh.' The ' overriding
opinxon is that the squzrt flow attenuetion mechanism .
domxnates other mechanisms in the seismic to sonic frequency -
range, at those pressures found In situ, and at the levels
of saturation observed in exploration seismology.

- Speckfic attenuatiou has a very interesting depehdenee
on both frequency and fluid saturation Jones and Nur (1983)
observed a peak in spec1f1c attenuation at about '8 kHz and
120 c whxle thé§ vere studying fully water saturated Berea
- sandstone. At room temperature the~attenuatxon peak sh1fted.f
~g_own to 2 kHz and 1£ v1scous oils are present they suggest
the peak w111 move 1nto the se15m1c frequency band. Nyland

(1985 b) est1mates that for b1tumen .at a temperature of 27°C

the peak wxll be as- low as ‘20 - 50 Hz. Murphy 111 (1982) /f .



-:attenuatlon at approximatly 4 kHz in the saturated rock.
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observed the same signature. His findiné is‘based on limited
data but»clearly shows the nature ot the compressional’
specific"attenuation dependence on ~water,'saturation and
seismic to sonic frequeneies; P-wave specific attenuation
rises'“to aipeak at aporoximately 95%‘water saturation, and
energy loss drope significantly as‘ the sandStone becomes .
completely dry or completelf saturated.‘ The speoifiew
attenuation strongly peaks between lngz and 10'kHz of tne
 sonic band. | | | | |
Winkler and Nur (1982) also show apecificj attenuation
data‘where‘a strong frequencyidependence is -‘evident in fully .
saturated Berea~sandstone,'whereaa’there was eesentialiy' no
'dependence"at zero water saturation, The‘data,-hhich.ranges‘
from 500 to BOOO‘Hz, aISo' 5uggests' a peak in specific
Murphy 111 (1982) feels his observe@ ‘specific
attenuat1on. dependence on water saturation ' is "entirely
conSiEtent" with the sduirt'flow 'theory Winkler ~and ‘Nur
(1982) point out an absorptlon dependence where P-waves are
preferent1al y attenuated over ;S-waves ‘in' partxally
.saturated focks (a /a < 1) —Thzslxs 1nterest1n3”}nce the
,oppos1te is true for fully/ saturated rocks,_'aé. ment1oned
earl1er. They support the v1scous squxrt flow mechan1sm
~ because | Mavko and Nur (1979) demonstrated comparable energy
loss wlth thezr descr1ptxon of squ1rt flow, to what they had
o observed in. thezr experxments. Regard1ng 011 sands{- Nyland

/

(1985 b) considers;v1scous squ;rt,EIOWrto“beathe;moatAlikeiyr
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attenuatxon mechan1sm.

. By studylng the parameters in the fxnal versxon of \the
vious ‘ squ1r_t equation presented by Mavko and Nur (1979)
'one can see that as the fluid <volume increases without
increasing‘ the volume of the roch (increasing'saturation),
attenuation is predicted tp rtsf.j Mavko'hand Nur (1979)
pointed "out‘ that with this mechanism only ‘partiallf
satur;ted pores orisaturated pores connected to unsaturated

pores ' will contribute to the attenuation. As successive

regions saturate, the attenuation‘ will drop. As complete

saturation is approached the squzrt flow theory predicts a
dramatxc decrease in attenuatxon as was observed by Murphy
III (1982)

R The attenuation is found to be highly Sensitive to the

aspect ratios of the pores._fhe further a pore shape departs,

from a sphere the greater”is the pores abiliti”to attenuate

energy (Mavko and Nur, 1979). Nyland (1985 b) suggests that

attenuation in oil sands is a good indicator of zones where

‘ pore aspect ratios differ from‘ the surrounding media..
Because only the flattest pores are - important it.‘is the
degree of saturatxon of the flattest pores, rather than that

of the whole rock , that determlnes‘ the . attenuatlon.,'In.

studylng how attenuatxon var1es w1th saturat1on it, is

therefore 1mportant to recogn1ze that the resultxng relat1on

wfll depend on. the manner 1n wh1ch flu1d is d1str1butedp

Ty,

wzthxn the rock as: a whole. If one flat pore after' another”

';v» becomesﬂ-fully saturated whxle‘~the rest QL the flat pores
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‘Hrenain ‘dry the theory shows that attenuation of the low
‘frequencxes wxll xncrease 11nearly thh £1u1d content.. But,
if all ,the flat  pores "are fxlled sxmultaneously ‘the
attenuation should increase ae  the ‘third' power ;of;‘fluid
. content. | |
Palmer and Traviolia (1980) carried out*‘a‘ similar
calculation’ on a varzety of pore shapes and.found that for
confxgurat1ons of’ pores 51m11ar td the shapes consxdered by
Mavko and . Nur (1979) their results were in general
. agreement. Of the 'different oonfigura;ions they examined
only the pore shape analyzed by Mavko'and Nur ({979),showed
"an attenuation dependenoe on eaturation. They then compared
the results of Gardner et al. (1964) and found that aga1n,.
‘only this confxguratxon agreed with the data. -
The squirt _ﬁ;ow model is cepabletof genereting the'
ﬂrequired_amount ofnettenuation and would,'therefore,;seem to
be‘ the predomxnant mechanism. Not only does the squ1rt flowr
mechanism result in a reasonable magnztude of attenuatxon,
,jir generates ithe~ observed absorpt1on dependence on fIUId .

. saturat1on and frequency.



Chapter 2

Procedure for Estimating‘Attenuation

]

2.1 Optxonal Procedures
" The derxvatlon‘ presented_, in chapter '1 of the
attenuation» coeff1c1ent, ‘a, and;&itsﬁ relationship to the
quality factor, Q, is one of manyV/approaches‘ availabfe‘,in

the literature. As mentxoned dlfferent approaches result in

varyxng def1n1txons of. the specﬂflc attenuat1on and thus,

I A

the attenuatxon_ coeff1c1entf iIn addztxon‘-to the various
lderivations‘for the spatial attenuatxon coefficient ‘and -
qualftv: factor dlscussed in chapter 1, one could study ‘the -
temporal attenuatxon coeffzcxent‘and qual1ty facgor'(Ak1 and
Richards,~1980) Each of the above could be studxed in terms
‘of shear waves and compress1onal waves (Jones and Nur,
1983) 6£' bulk cOmpressron (W1nkler and Nur, 19i9, 1982).
Also, researchers have studled attenuation under >a, variety
- of geometrxes .that _allow ,Q-estlmates to be obtained for

rocks . rangzng in Size‘from.smail iabbratory '5cale samples

~--(Jones and Nur, 1983) to large volumes of the Earth's crust

'(Rebollar et al., 1985 Camp1llo et ‘al,, 41985). .Even‘ the
Earth _.as a whole‘ has been studzed in terms of the

f‘attenuat1on of the Earth g~ free osc111atlons (Aklﬁ‘and~

'lsR1chards, 1980)., “', R }ft . ""p 5'_~" .

Furthermore,\ because hzgh - frequenc1es are: 3

' .preferent1a11y attenuated over low frequenczes, a trave111ng3‘*

'wavelet w111 not only have 1ts amplxtude spectrum cjanged 1nti

‘o . D

2
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‘character, but the wavelet‘itself‘will broaden.,AttenuatiOn

«stud1es may- observe the amplxtude decay of ya‘ wavelet the

change ‘i .charaztér of the spectrum, and the broadenxng of

the wavelet. The hange in character 1s‘usually observed by -

carrylng out a spectral ratxo analysxs (Hatherly,v1986)‘
© Many attenuatxon experzments have been carr1ed out in

L ———

the laboratory but relatxvely few In sltu measurements are
reported,‘ The present 'study attempts to determine ,the
variation “of P—wave attenuation w1th depth down a borehole

and its correlat1on with the local geology.

2.2 Vertical Seismic'Profiling
| The Vertical Seismic Profxllng survey (VSP) 1s the ‘best
approach for analys1ng‘ the elas1tc propertles of In situ

rocks because 1t samples the. waveform at many depths -and

" .can, therefore, spat1ally monitor the attenuat1on.v

‘Vertical Se1sm1c Profllzng orlglnated in 1917 w1th the
patentlng of a downhole survey by R.A. Fessenden in the

United‘states (Hardage, f§83); VSP is'a geophysrcal ‘suryey

~which uses Seismic waves,to investigate the str0cture of the
'earth's upper crust to depths Qf 5 k1lometers wzth the use

.of a borehole. Slnce 1ts or1g1n, the fleld of VSP has seenf

1nterm1ttent act1v1ty in Canada and the Unlted States, whxleh
attent1on -Was placed on a related survey, the Check Shotu”

e

E.I. Gal per1n, a noted 50v1et se1smologzst descrzbedn‘

-]

‘ﬂhthe vsp survey 1n a book he wrote in 1974 The book 1nc1udesﬂ~‘3l 5




. | ‘
an'ertensive bibliography of Soviet vork in the field, fthe"
‘earliest ‘of | which is dated 1934. From the. blblxography it
would seem that a sxgn1f1cant amount of work. was carrxed out
by the 50v1ets in the late 1950 s and early 1960° é, and this
- ‘work has contxnued to date. v |

- The‘ VSP survey is 51mzlar to a Check Shot survey, yet
one that yields far more 1nformatxon and - thxs‘ 1nformat10n
can be used to enhance surface selsm1cs to a cons1derable
degree. Both surveys consist ‘of a‘ surface source and a
‘ downhole‘ geophone. In contrast with the Check Shot survey,
“vwhich?fOCuses on the arrival time of the firstubreak for the
purpose of measuring velocities,? the ~ VSP displays the
‘waveform for several seconds»beyond the first break and, in
addition, records theAwaveform'at many more depths.

| The typical VSP survey'reguires afhorehole, down 'which
'ls lowered one “or. ~more geochones; The geophone  is
electrlcally connected to a recordxng unit at the head ‘of &
Jth borehole and is sens1t1ve to seismic waves whlch have N

' been generated at the surface by an, exploszve source F1gure

(2 1) is a schematzc d1agram showxng the geometry of a VSP

o survey, whzch is 1dent1cal to that of a Check Shot survey y;

. The VSP survey is carrxed out by lowerlng the geophone -

'_Mto a certaxn depth clamplng the geophone to the walls, of

thef hole, ’and then trlggerxng a se1sm1c °source. The

resu1t1ng waveform 1s recorded for several seconds.“I 'the‘f"'

;?ljcase of - a Check Shot survey only the fzrst break would be

1"hfirecorded The geophone is then released from the walls and |

\
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lovwered ‘a:.fev tens ‘of meters ‘before reclampxng. The
procedure is carrxed out for the full length of the hole. ;A“
Check Shot survey, on the other hand would have spacxngs,

" in general, on the order of a few hundred meters.

‘ LyVSP has a wide varxety of applxcatzons, most of which
pertain to the oil xndustrv,_lt is possible to"predlct the
,horiiontal and vertical distances as well}as‘the azimuth to
drfllinj‘ -‘targets; ‘ andm' to determine ‘structural
discontinuities § Near the borehole. Also,"hole—to—hoie
tomography can be used ‘to ‘find the‘ boundariesl of ; a
reservoir,‘ or alternativelj,‘ to determlne the volume

‘occup1ed by a steam injected zone (Simaan, 1984),

Few attempts involving field data ' have so far been
successful ‘inf obtaining attenuatxon‘ proE11es from VSP‘.
surveysz P S Hauge (1981) used the spectral ratzo approach
to calculate a cumulat1ve attenuatlon profile for five wells
in the southern Un1ted States wzth the axd of a VSP survey.

A cumulative attenuat1on curve was obtazned by locatzng one
rece1ve>\\at a shallow depth This recexver remalnxd at th1s"

depth for ‘the durat1on of the survey. A second'geophone ‘was‘

f‘placed further down the hole permztt1ng a % measurement;'
'5Subsequent measurements saw the lower1ng of only the deeperp'
frecexver.‘:in" thxs manner each measurement represented the“
attenuatxon‘ undergone by ‘ sxgnal travellxng ‘EFQm ‘thef
shallow‘ rece1ver to the. deeper rece1ver. Obtaining‘the"'
,attenuat;on_;over an’ arbxtrary depth 1nterval ,"invoivedfh.
R e

,;findinépthe‘slope of the cumulative-attenuatxon versus depthf

<



‘plot‘ over' the . depth .interval;- ‘Hauge's ‘profile showed a

correlation of high attenuatlon‘ with porous sands . in
contrast w1th nexghbour1ng shales., o |
Ganley and Kanasewich (1980) analysed the results of ﬁa
Check Shot survey conducted I{n ‘the Beaufofh\ Sea. They
applied the spectral ratmo method over, two 1ndep dent depth
1ntervals .arriving at a value for Q between/62 and 73 for
the depth 1nterval 945 to, 1311 meters and’between 42 and " 45

L)

for the more shallow interval’ of 549 meters to 1193 meters.
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Kan et‘ al. (1982) obta1ned two Q—profxles, ' one

ektending from 61 meters to 610 meters and«the other from

l490 meters to 2200 meters. The holes they used were- located’’

in predomxnantly - shale - format10ns~ and ‘they Jrew no

a4

conclus1on regar§1ng the assocxat1on of ‘various levels of

attenuatxon w1th 11thology.

Dietrich and Bouchon (1985) carr1ed out a‘ theoretical
vsP survey in ‘whlch they present theoretxcal cumulatxve

attenuatxon profiles, agazn usxng the spectral tatio method

Stalnsby and Worth1ngton (1985) present results . from VSP

O

. data gathered in the North Sea, however, they c1te one value
o of Q . correspondzng to‘ one depth 1nterval They used the
‘spectral rat1o method to obtazn a value of 25:3 £or the zone

‘~1y1ng between 1500 meters and 1700 metersa

It is apparent from ‘the l1terature that there is a lack

of ‘suBstantxal ev1dence for the ab111ty of In sltu se1sm1c
;attenuatlon measurements ;$0" yleld ,1nformatxon | about

"lithologi”,and other rock parameters. However, the potentl“
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.exists for obta1n1ng such information and it is hoped ‘that .

the present study wxll do so.

e " A ) .
.
. ome

"2 3 The Spectral Ratxo Method
Tt//épectral ratio method was adopted 1n thxs study for

the purpose of ‘determining the specific attenuatxon~of

p
seismic waves. Cunsider a pulse propagating in the positive
z~direction (positive z inCrg;sing with depth). If.it is

_ésSuééé that the principle of linear superposition of waves
applies, thea ‘the pulse can be viewed as_consisting of an

 infinite number of sinusoidal waves, each of unique

«zfrequenc}, and travellxng with some phase velocity. Note

* that phase velocity 1is weaki} dependent on frequéﬁcy
i ’ ‘ ‘
et

(Richards and Menke, 1983). Each component wave is described
' by equation (10 a), and if equation (10 a) 1is integrated‘
over all frequencies the total displacement, P(z,t), as a
g0,
B

\

funétion of depth, z, .and time, t, is Qbtained.

+oo Cr |
P(z,t) = J u(z,t,w) dw (11)

Lo te P 9
=/ U (wexpli(wt - Zz)] expl-az] dw

o | : ‘w
'where‘ U (w) is now a funétion of trequency, and is the

‘spectrum o§ the source which generated P(z,t).
ST S

. o
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r>' [}
'The VSP survey is capable of recording the pulse at

‘many individual depths as a function ‘of time. If the pulse
is recorded at depths z' and 2" then the spectral ratio
method 'perﬁitS‘ the determination of the attenuation
coefficient, a, by taking the ratio of the th amplitude
spectra, H'(w) and U"(w). U'(w) and U"(w) are the amplitude

) .

spectra of the pulses recorded at’ depﬁhs z' and z"

respectively, and are given by, &

-

U' (@) = U_(w) e 22

-

0" (@) = U_(w) e 82"
from equation (11). Thus,
U (w) = U'(w) e2(2" —2")

- n . * = 6"(&,) ‘4 «'2
a(z 2') ln[aTC:;] | (12)

. , ‘ .
Provided that the absorption coefficient is a linear

- function of frequency within the seismic band, as ;eseqrch,‘
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indicates,'h‘BIEE"bf the negative of 'a' multiplied by the
trace separation, versus frequency, f, will result in a

linear curve with slope, m. The expression for the slope

would then be,

A{4a(z" - z')}
af

However, by equations (10 b;Aand (12),

~25AF (2" - z') | -

m =
2vQ Af
h - l_ A[ln[U"(w)]} ﬁ(fl(z" - Z') ) (]3)

Af U'(Q) ) . VQ ‘

*

therefore,

-g{2" - 2') — o (14)

2

for Q >> 1,
In essence then, a value for Q can be”obtained‘for_é

' depth interval if one obtains the}amplitgge spectrum of a
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\

pulse recorded at the top of the interval.and one for the
same pulse that has travelled to the bottom of the interval

\ :
with known phase velocity, v. The slope of a. graph of,\the
logarithm of their ratio versus frequency can then be used

. \ ' .
to calculate Q. |

\

2.4 Interference éorrection Factor

The spectral ratio method is successful when applied to

WA

pulses‘ propagating .in a theoretical homogeneous anelastic
medium, és demonétra&ed by Génley and Kanasewich (1980).
Howe;er, when inte{faces were incorporated into the medium
'such that pulses were  reflected and'itfansmitted at each
boundary, situations \occurreé whereby other bulses,lcalled
——intrabed multiples {of "short-path multiples), wére
superimposed ‘on the pulse . being analysed, tﬁus forming a
wavelet. The wavelets at%;he< top and bottom of .a depth
interval displayed uniqué inférfefence battefhs because the
intrabed multiples are:different‘at ‘each ~dep£h.‘ When the
resﬁlting Qavelegs were analysed the plot of the lBgarithm

of the ampiitbde-rétio ver§u¥ﬁ;freqhen6y (hefeaftef called
the 1og'plot) oscillatéd about a straight line. Figure (2.2)

' shows'examples ofooscilléti§ﬁs based §n ~field data, where_
the solid line is thedleaSt-sg res linear regression cthe.
§pencer et al. (1982) agree tha OScillétions are due to the
difference.  in "the lloéal str tigfaphy surfounding' each
receiver. Ganley.and Kanééewich (1980) found tha;'they could
suppress fhg ef%ectg of intfab d multiples (that is; the

L)
™)
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Figyre 2.2 Example of oscillatory ~patterns observed in

“spe¢gral‘ratio studies ‘ o L
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oscillations and alterat1on of the slope of the’ regressionh

curve) and could obtaln a more reliable value for Q if they

d1v1ded‘the ampl;tude ratio of the wavelets by the amplitude"

-

ratio of two corresponding synthetic' vavelets, °S'(w) and
” S"(w),f that did not include the effects of absorptionwand

dispersion but did - inglude the effects of the intrabed

multipies (see‘Ganley (1981) for their algorithm). Hence,r“

m= — A {
£ U(u)S(u)

- (18)

where ‘equation (14) remains‘ valid. The.logarithm of the

quotient, when plotted against frequency, yieldedv excellent

results.
The generatxon of the synthet1c wavelets requ1red the

use of ‘tw"wsynthet1c selsmogram programs. One program

generated - synthetics which ,1ncluded the effects of

,absorption and disperSion for the purpose'of'simulating real .

e

data. Known Q-values could be 1ncorporated in an earth model

'whereby the vmethod, outlined above could be tested. The‘

~ second program d1d not . include ’these effects, and the'

resultxng traces, and wavelets, were used to £1nd S' and S"“

. The synthetac sexsmograms requ1red the earth model

be hor1zontally layered and that the rays reflect from, and

‘restr1ctlons are not too 11m1t1ng because a great number off

oam - T

‘transmit through ‘each 1nter£ace at normal 1nc1dence., These -



36

'geOphysic§11y interesting“areaS' and surve}s“meet. these

“conditigns. . |
,./" ‘ - ' I

'Given an earth model the - programs, calculated the.

l

four1er transform of both the upward and downward travellxng;

\

. Aﬂ

.wavef1e1ds at the top of a geologzcal layer in which a trace

was requested The spectra were then propagated down to. the

depth requested with the aid of equat1ons (16) and (17)

- 'D(z,w) h.D(O,w)exp(-az)exp(-iwz/V) - (lé)‘p
U(z,0) = U(0,w)exp(+az)exp(+ivz/v) (17)

where D(0,w) and D(z,w) are 'the ‘speotra .of the 'downgoing
“vaves ~at the top of the layer, and at a depth z below the
top of the Iayer, respectlvely U(O w) and U(z w) apply ”to"‘
‘.them upgo1ng wavef1e1ds."a?, the absorpt1on coef£1c1ent is-.
”«hzero in. the synthetlc selsmogram program wh1ch does' not
1nclude absorptlon and dxspers1on.. v’ 1s the phase veloe1ty |
‘fat whzch a wave of a. certa1n prev1ously spec1f1ed frequency_‘
ﬂtravels -w1th1n the -layer. Thé tvo resu1t1ng spectra were
summed to yxeld the Fourier transform of the trace at the?

. ngen depth Inverse Four:er transformat1on results in the'

‘,txme domazn trace.-/)wavelet in the tzme doma1n trace was,o‘

. [ -
,then removed and.,analysed separately for 1ts frequency~‘i,

<
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content.‘ It was ‘this spectrum that 'was considered‘when
employ1ng the spectral ratio method .

| Usually the d1rect arr1va1 is the focus of attentxon
since this pulse is affected less“by‘ noise than ‘a;ehlthe
" later arrxvalsg ‘The reason for this is that the‘numbef‘of
reflected events increases with‘time (Spencef et al., 1982l
"_In ’the derivation of the correctlon factor it was assumed_“
that the_pulses formlng a partxcular wavelet 1nc1ud1ng the
direct a;r1val, were 1dent1cal,; This 1mp11ed that the
‘attenuation'and dispetsion"of each component pulse was
,negligble vwhen ‘compared ‘to the overall attenuation and
dispersion experxenced by the dlrect arr1val 1n propagat1ng“
from ‘the more shallow to the lower depth Pulses which
\supetimpdse will. have trayeled “ farther, and , through'
different volumes . of . rock ‘ than the direct. arrival,
~result1ng in each pulse being un1que7 As a consequence, a
m1n1mum recexver‘ separatlon' was requ1red above wh1ch the
attenuatlon and<5d1spersxon of the component pulses‘ was
negliglble. ThtsTf“the_ 1nterference cotrect1on ‘imposes;a
,‘reduct1on of depth resolut1on. |

',r

2 5 Depth Resolutxon ’ ."f‘ \_3",.'fj' i” . -‘ftd;f*'

Whether or ‘not the correct1on factor is: employed, there_“l*““

ex1sts a m1n1mum rece1ver separatlon below wh1ch the effects
~ofg theotetxcal ‘ assumptxons~ﬂ? (horzzontal f. layers),
o approx1mat1ons (approx1mat10n (9)) n01se (Raylexgh waves)

and phys1cal processes wh1ch appear to attenuate a szgnal,dly

- ot y



.38

‘wxll overshadow the 1ntr1ns1c attenuation exper;enced by

| sxgnal .in travellxng between the recexvers. Spencer et al
(1982) dxscuss the physzcal processes whxch are _capable of
upsettxng attenuatxon estxmates. They po1nt out the h1gh
sensxtxvxty of ‘the fcorrect1on factor .to dlscrepanczes‘
:between the velocxty structure as g1ven by a sonxc survey.

and that of the actual geology. (o

“The‘ son1c 'survey is,'xn some aspects, similar to the .

VSP survey. A probe whzch ‘is capable of detect1ng ‘elastic
| motlon is. lowered down a borehole and- it ' then relays
1nformat1on to a recording dev1ce located at the head of the .
| vell, 'In ‘contrast ,tO' the VSP survey, . the ~source of
fucompressfonal vaves is locatedhulthin‘the probe a few meters:
..abOVe' the SOnic 'receiver, and the frequency of the wa&es
lies in the sonic band. As ‘the probe is slowly ‘brought to
the .surfage' from the bottom of»the borehole‘the’source'of'
f‘sound waves is actxvated at regular intervals. The receiver
‘senses the s1gnal some txme later and the veloczty at wh1ch
thefsonlc - signal" travelled.Afrom 'source ‘to ‘rece1yer:'is

'calculatedl'The"slowness,"or"inberse of‘the'velocity: ish'
. then plotted agaxnst depth to yleld a, son1c log The area;h

'.beneath the curve,‘ between two depths, 1s thus the totalljf

ft;meutaken for a sxgnal of son1c frequenc1es to travei from

"'vonfﬁdepth to. the other.ﬁ‘ty B | n
| In drzllzng a. borehole the walls often become' cracked”"

| fthe lxtholog1c pressgre iﬁ? the nezghbour1ng rock can be"}

"reduced, and sometxmes the walls may collapse, f;ll;ng uthe-f g
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‘ resultlng holes thh drxll1ng mud.‘ All of these problems
l serve' to make‘ sectxons ’ot rock ad]acent to the borehole

- l

~non- representatxve of the virglna'rock further; from -the
-borehole"(Stewart et al.,. 1984). Sonxc .velocities are
h'obtaxned by - send1ng 51gnals through the rock adjacent to the‘;
borehole (thhxn- a. meter of the hole) and hence, the
results may be mxsleadxng VSP isignals pass through the‘l
altered rock.as‘well however proportionally littleﬁtime‘isl
spent travelllng through it. If the attenuatxon between two
depths is not large enough then“errors in the veloc1ty
proflle may become sxgﬂ‘fxcantl |

The difference in stratxgraphy, local" to each geophone;‘

is consxdered to be the cause of the oscillations- present on

the log plot Spencer et al (1982) .studied this effect- in a

theoret1ca1 model and observed a marked decrease in the.
varxablllty' of the attenuatxon measurements as the receiver

‘ separat1op was 1ncreased past a crltzcal separat;on(;rﬁfyond

B the critical separat1on 11ttle decrease in the var1ab111ty |

- took. place.f The decreas1ng var1ab111ty could notr be -

attrzbuted to' a decreas1ng 1mportance of errors in the “
veloczty structure because the veloc1t1es were specxfledq ln‘
fthe model and thus ha& no accompanyzng errors. The cr1t1cal]‘
separatxon lay between 60 and 90 meters whzch Spencer et al.
‘ﬁused 'aS“ a measure of the deptthesolutxon for thexr modeI:'

::ThUS' 1ntrabed multxples wxll causev erroneous attenuat1onﬁ3

'est1mates unless the recexvers are spaced far enough ipart,ﬁ3“«

' ) . SRR
,fuch that the 1ntr1n91c attenuatzon is the controllxng '

”/‘_
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“;\ factor affectrng the slope of the log plot.‘
| Unlxke the approxxnat1ons, errors, and lnterferrence
,“effects, which "are frequency‘ independept and.‘ can ‘rbe
minimized Hby‘ sincreasing"the Vreceiver‘ separation‘ the
’-,scatterzng Cof Seismic energy is a fréguency dependent
‘,process wh1ch may be dlfftcult to.1solate. Scatter1ng occurs
_‘1n zones of heterogenelty,and is frequency dependent high

PRI
‘ frequencxes be1ng more sensitive to fxne 1mpedance

}structures thanql ?{ﬁ%@quenc1es. ngh frequencxes also .tend

*“y rough 1nterfaces where 1rregular1t1es

are comparable in 51ze to the wavelength of the frequency

to be more aff‘cl

'component. The hxgh frequencxes are not. absorbed but rather
lose thexr coherence. Consequently, attenuatxon measured in
Tzones‘" con51st1ng‘ of many "fine layers, and/or ,rOugh,
‘contorted rintertaces, include the effects‘ of intrinsic
absorpt1on and the apparent 'absorption ‘due to‘lntrabed‘
"jmu1t1ples and scatter1ng | | |
Other processes exxst whzch on flrst cons1derat1on
‘may appear-to be s1gn1f1cant in. attenuat1on studles, but 1n'
“<iactua11ty can be shown to ‘play no part One such process 1s“
‘_the geometrlc spreadxng of a wave as’ 1t propagates ‘from the
".source.’ The ampl1tude decays as % however, all frequenc1esb
are affected equally. Consxder pulses thh ampl1tude spectraxn
VLQU (w) and U'(w), that have travelled dxstances r ‘and c"
,hfrfrom the source,‘ respect1vely, and do not 1nc1ude the

l}ef£QCts Of geometr;c spread1ng, ‘et A and B be’ geometr1c{ A

'“dspread1ng factors such that AU (w) and BU'(w) .arep the.

[
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g-amplitﬁde spectra observed at r' and r". By equation (13),

.the‘slope of the log plot would be,

1 N

’
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|
' ’
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) . o . '\
‘ihich';‘is. 1dent1cal ;6 equatxon (13) ‘Thus,p geometrlc
spreeding does not affect the attenuatxon measurement
‘The constants A and B could also be viewed as the
Hxnstrument gaxn whxle the data for U't and U" were‘ being

collected or as -constantsassog\ated w&:h the 1ntegrated
NN ‘ ' c : \
' A

pover of the respective . source \\funct1ons. »Assumlng

‘integrated' pover ~and gain: are frequ ncy. 1ndependent they
“:need not be cons1dered in - ‘attenuatzqn" ‘studies th;t

1ncorporate the spectral ratxo method. The Radxat?b patternt
of the source, whxch may 'OE Imay fnot be spherxcal will®
llkewxse have no effect on attenuatxon measureﬁ\ nts provided
Rit 1s frequency 1ndependent. The constants A an B\ a(fect

only the 1ntercept " of the log plot as can be seen 1f the

A\

;' general equatxon ;fo: the linear ‘trend of &ﬂ ‘plot %s“'
consxdered, o o o W L
ln[ ] = mf +c N e (18) 3

¢

Theoteticaily,‘jlittle"attenuatiOn takes place at very low

frequencxes,.‘so;jSttictly speakxng, 1f lthe, sources ;are,t\jfﬁ"

% 1dent1cal " the . intercept of the,‘curve; ci"iséiéeroQ\

, Rearrangxng equatxon (18) - ﬁ ; S e S
B ) T A R
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A | ot .
(L] = mf + [c - 1nd)
U’ o A , . -
| '.‘ . “‘, . L ! | N ‘ ) )
v Thus,< the wvarying instrument gain and/or source poﬁer.ére‘

'jthé‘éause of intefcepté<otherathan zero. Co

e . !

B

>

d
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Chapter 3 .

Case Study

3.1 ‘Survey Geometry and Location ! /ﬁ\v\_.

Panarctic Oils Ltd. conducted a’VSP survey in a well on

Melvxllg Island whxch is located in the Canadxan Arctxc. The

‘name of the well is Sherard Bay F- 3¢ and a map of its
.location is shown in figure (3.1). The su%;ey_was‘conducted
dur{pb 1933 and 1984 69 three éeparate occasions. On each
ocqpsion a-different section of the hole was surveyed.
Thére were several appealing features of the survey
. which made obtajniné "an attenuation profile feasible. The
trace separat@?n was of‘the order of 30 ﬁetérs for moet of
the well‘ allaﬁing for a relatively high depth resolution.
‘The sources were located very close to the head of the well
allowx!b‘fpt a vertxqu travel path of the seismic energy to

‘the rece1ver. This, in ombxnat1on with the horizontal

nature of the geoloéic layers reshlted in energy approaching

all horizons at near-normal incidence. Reflectidn and

transmission coefficients. are frequency éependent_ at
non-normal inéiﬂence, theréfore; the Qeometry of‘the survey
; was. suxtable‘f¢r a Q-analys1s. The geologlcal cross-section
~of the area is shown -in figure (3 2) which illustrates the
horizontal nature of the layers. Included 1is the Kell
Bushing vhich is 10 meters above the ground surface and is

taken .to-'be‘the‘zero-depth level for all depths mentioned.

Figure (3.3) illustrates the lithology of the vell where all

0

.44
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Figure 3.1 Location of survey site
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major’rock types are included. Zones of multiple rock types
are shown as a sum of the components. The well extends to a
depth of more than 5 kilometers below the surface alloving
for an extensive survey. The length also lends itself to a
hxgh signal to noise ratio at depth.

Fxgure (3.4) ‘shows the surfacelgeometry of“the well,

1nclud1ng the locatxon of the source holdes. Theqe are. 21

source holes in total “which reduces the amount.of damage
\ : o

sustained by any one hole over the course - of . the {surrey.

~ Only one source hole is employed per shot.

] ~

3.2 Description of Data
The traces provided by Panarctic Oils 'Ltd. were
generated by one of two types of dynamite sources, Aquaflex

or Geogel. The traces came in their raw form both on'tape

~and paper, and in a variety of dfsplays' whxch depended on

the degree of processxng undergone. The fully processed VSP
section from Sherard Bay is shown in figure (3.5). There is
a trace approximately every 30 meters down the length of the

hole except between 2800 and 3800 meters,‘ where - the
. . H '

VSeparation generally varies .between fOO and 200 meters.-

Depth is measured down the length of the page wh11e the txme

axxs is across the page. Each trace is 3 seconds long and.4

‘has a samp11ng interval of 2 mfII1seconds.

-Because " the fully processed data hed itsdfrequenCy‘

content 11m1ted tolﬂtheA range 10 70 Hz';ir was' not

‘_part1cularly useful The wlder the ftequency band the better'
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‘the Q-approximation. For thxs reason the raw traces were

. used in the analysis. The “raw . data, in msnyd cases, . had

P

suff1c1ent power - above f 160 Hz to provide reliable

nQ-eStiﬁEtes. In addxtxon only the direct arrivals were

analysed since they contained ~ the wxdest range. of :

'\frequenc1es of all the pulses w1th1n a trace. Thxs is due to

‘.the1r; relatlvely short travel path from shot to recelver,,

resulting in reduced attenuatxon of the hlgh £requenc1es.

>They1:also contain ‘less noise' as poxnted out by Spencer et
' ' — r

l.u(1982). A sequence of 'rew fxrst‘ arr1vals from . both’
'Aquaflex and Geogel .sources is shown in figqure (3.6). The

raw data was reCordeq’for.4 seconds at a rate of 1 sample

' per’millisecond'

In add1t1on to the seismic traces - descrxbed ‘above,

Penarct1c prov1ded a veloczty profile for the well Th1s :

' g1ves the veloc1ty of P-waves as a functxon of depth and was

' obta1ned through analys;s of a son1c survey. The veloc1ty
‘ proflle 1s an 1mportant part of the Q-estlmatlon ‘sxnce ‘thef

1nterva1 veloc1ty 1s an exp11c1t term in the equatxon for Q

f'as shown in sect1on 2 1, and as ment1oned 1n chapter 2, .;ts

<

| accuracy 1is_;v1mportant “for’ the determ1nat1on ,of ‘the

.correct1on factor (Spencer et al., 1982)

‘To obta1n a d1g1txzed velocxty profxle, as pr0v1ded byf"

*Panarct1c, the son1c log was 1ntegrated unt1l e~ travel'

'»pt1me was 1 m1llxsecond he veloczty obtaxned was then;fTu

V,appl1ed to the depth 1nterva1 1n questlon. The 1ntegrat10nhﬁ?a

'f~cont1nued for the full length of the hole. The f:nal productu‘.{

I
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"AQUAFLEX -

,ﬁ\/ypveggﬁqgeges 1y

B g NES g ae

-
\

O ;
GEOGEL - o +—4 10 MILLISECOND INTERVAL '

Flgure 3 6 Sequence of 15t arnvals, a) those generated by

t:he Aquaflex source, b) those generated by the Geogel source R



K consequently vary between 2 and 6 meters.
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is a yeiocitylorofiie, for which the»thichness‘ofbeach depth

a
A

.

It isf often found that a seismic sxgnal requxres more.

‘the integrated sonic travel tzme Th1s 1nd1cates that the

. apply to waves of" ‘seismic frequenc1es. In fact for the most
"part, the dlscrepancy between the son1c arr1val t1me and the
. selsm1c arrival time grows with depth, whxch is a phenomenon

ncalled 'drift'. There have' been various explanatxons for

drift‘ as presented by Stewart et al.” in 1984, They

p—

. quantified the drift caused by ~variations in layer

_thickheSses,f intrabed“multiples, time‘ picking of ffrst

. analys1s they “concluded that ethe‘ drlft is due maxnly to

,velocxty dzsperslon between the selsm1c and son1c frequency

‘interval, or geOIogic‘layer, is determined by the ‘diStance

¥

- travelled in 1 msec‘by a sonic signal. The”iayer thicknesses:

‘time to travelrto'a part1cu1ar depth than 1is suggested by

h'veloc1ty prolee, as. g1ven by the sonic surVey, does not

varr1vals, and attenuatzon (and d1spers1on) In their' final

bands, wlth the effect of 1ntrabed mult1p1es play1ng a m1nor L

B role.

The method by wh1ch the o1l 1ndustry corrects for dr1ft

f1nvolves perform1ng a Check Shot survey. Recall that a Check

'_f1rst breaks are recorded and the spac1ng between rece1ver

"fﬂPanarct;c,a consequently, used thezr VSP data to correct for

USSR

’%Hence, VSP data may also be used to correct for‘ drxft."l

_Shot survey is the same as a VSP survey except that only the 'yf

H;depths 1ncreases‘ from. 30 meters to 100 meters or’ more.‘;ij
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the drxft that was present in the1r veloc1ty data.
Essentxally the arrxval ‘tlmes,“as‘ given by ' the
lntegrated “sonic log;"are‘ tied ‘downv‘tol‘the Check Shot
‘:arrival tlmes at four or five depths.‘ The sonic ‘velocity‘
| varxatzons provxde*‘a‘ detaxled indication"regarding the
?y‘selsmxc velocrty variatxons, however, they become mxsleadxng
‘"over large depth intervals. The dr1ft correctxon maxntalnsh
» the,detaxl whxle correctxng the general trend |
hThe‘ full velocxty prof1le is shown 1n fxgure (3.7, a)
and the interval veloc1ty is shown in part (b) The 1nterval
. veloc1t1es were calculated 'by averaging the. veloc1t1es in
each layer; A new layer was def1ned to begxn whenever ‘the
veloczty changed by 5% or more from one depth to another.
‘Because the son1c survey does not begzn unt11 the 389 meterV'
"depth the veloc1ty down to that depth was determlned by the
”‘VSP survey. At depths greater than that sampled by the sonic
[fsurvey a halfspace 1s consadered to ex1st w1th a veloc1tyv
'equal to that -of . the last layer of the veloc:ty prof1le.

‘Thet 1nterference correctzon factor,ﬂtreferred to 1n;"
h’sect1on 2. 4 requ1res the generatlonJof synthet1c traces. To -
éf(calculate.-synthet1cs the ‘varzatlon 'thh depth of layertlrv
‘fﬁth1ckness, P—wave veloc1ty, and rock dens1ty; must be known,d‘

_-that’ is, the earth deel must be specxfzed. The son1c survey;ﬂu

“hf;provxded all the requxred 1nformatlon: except hef rockﬁl;fl

‘”;'7dens1t1es.-\

Although the denszty varzatzons are small from layer tol‘ﬁ

dlayer and could therefore, be 1gnored completely, they werer..
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.[id3 3 Generatxon of Synthetxc Traces

included ¥ in. the“synthetiés calculated \in this étudy;‘
‘.Panarctxc dxd not provxde a densxty profxle, bur"instead‘
supplxed the reflectxon coeff1cxents for each 1nter£ace from
lwhich the layer densitles .could ’ be determzned " The
._re;atzonshxp" between fhe‘ ‘reflectxon coefficients‘.and

densities is given by, o LT o

. _1 (p1 L Rp |
Vo (R + 1)

P2

vwhere p,-and pé are‘the respectige densities of ;tﬁe layers
above and?'ﬁelow the interface uitﬁirefiection coefficient,
f%, v, aﬁd'vz'are the velocitiee‘of' P—wavesuf' rhe;’iayers‘
correspondzng to p, and pz. p2 is solved for 1terat1ve1y byﬂ

fxrst asszgn1ng ,1 some. arbxtrary value.

CN

For each pa1r of raé traces analysed | correspondlng

Vo

1Tdfpa1r of .synthet1c tqaces _was generated as dxscussed in

ﬂurisect}on 2 4 6However, ‘when generatlng the .synthet1cs two

fproblems were encountered. The traces experxenced both tlme?»

l[”ugffand frequency-domaln a11a51ng. In, try1ng to reduce the noxse .

”‘“wcaused By the allasxng ﬂrhe sample 1nterval was set at 1

i*?msec. Thxs.uas the sample 1nterva1 of the _raw' traces.- The L

J’ﬁﬁnyq01st frequency was, therefore. "811 above any ffeque"CIes

Q¥&§;thht would be used 1n the spectral analys1s. A hzgh Nyqu1st‘.a




1

ifthe f1rst arr1va1 '15 ‘actually made up of many, hopefully ‘”{

| frequency itself helps reduce'" e Trequency alxasxng but

further measures were requ1red A 12 pole Butterworth fxlter

, .

.with its.corner at half the Nyquxst frequency (250 Hz) uas

A i
used to fllter the- amplltﬁﬁéﬁ‘spectra of the synthetxcs

" before their inverse Fast roufiétV Transform ‘(FFT)“ were

1
1

box car filter as the Gibbs effect is optxmally reduced

. Alxasxng was stxll apparent thus, the corner was. set at 1/4

“the Nyquxst frequency but thxs y:elded no‘#xmprovement.’ Use

of the Butterworth f1lter efféctxvely decreased all power

above the Nyquzst frequency to 1nsxgn1f1cant amounts.

;‘ Tlme domaxn alxas1ng 1s dngctly analogous tolfrequency

.aliasing. Evengs that arr1ve g??bnd ”the end 1 of vthe

calculated trace become super1mposed on the begxnnlgg of the

calculated ‘trace. Because the synthetlcs do 'not a110w for

attenuatlon the only pafh for energy to~1eave the system is. -

( 4

[

lhfter the ,end of the trace that w111 be alxased back 1nto'

the trace.‘One way to reduce th1s effect is to calculate a’

B calculated A ﬂutterworth fxlter was used in contrast to a

. via the halfspace. Therefore, there "exxst' many arr1vals :

[long .trace; thus, most arrxvals legxtlmately appear on theif

trace. Th1s procedure :can be"expensxve, and sxnce,'no
. : ' i
'attenuat1on is - taixng place, it may not be/effectxve.

The alternatlve approach that was used 1n th1s study.

i

hznvolved S1mpl1f1cat1on of the earth model Recall that for7

the Q-analys1s-pnly the f1rst arr1va1 1s stud1ed and -that

-.szm11ar, super1mposed wavelets. Consxder1ng the synthet1cs,

. B o . . o . . ne 0y

RYEEI
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only the f;xét arrival, with all the superimposed -‘wavelets,
need be constructed. The remainder of ﬁhe-trace is not
impdrtant. Consequently, only those interfacee in the eareh
méde1~-that"can"reflect energy such that. it arrives at the
geophone at abdut the same time as the direct arrival need
be included. 'If the first errival is considered to be 100
milliseconds long then the deepest interface, below the

depth of the geophone, that must be indlbded in the earth

model must be no less than S50 msec deeper, as .far as

vertical travel time is concerned™since each layer requires
! msec for the seismic wave to traverse it, the earth model

must extend 50 layers below the depth of thé geophone.

_ Beyond the last layer all interfaces are blanked,‘ thereby

o v {
creating a halfspace from which no energy can emerge and
hence, appear on the trace after the 100 msec mark. For the
P .
\

same reason, only 50 layers above the more shallow geophone

of any given pair, are required. The model for the deeper

' “trace should begin “at’ the same 1nterface as for the more

shallow trace, yet, it must be extended to the soth
' . . v '

“'interface below the deeper trace. Time domain aliésing}

.

howeber, is not completely'reduced by the blanking procedqure

sxnce energygcan reverberate in the ex1st1ng layers . for any

-

length of time.

fak:
[

Q was calculated ‘using the ﬁinterference correction

factor for 5 depth paxts during .an initial trial survey.

\' stng blanked earth models, as described above, the

yﬁihetxc trace paxrs were calculated. It was found that,

’ ¢
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although the cqrrec;ion factor sléghtly alfered? the
- character of the ‘log plot, the oscillaﬁions of the curve
were not reduced. It was thought that the failure of the
correction factor was due to an overly cbmplicated earth
model whereby 'many small, false reflections . were
overshadowing a few main,.real'reflections. There may not
’havé been one interface every 1 msec of travel time.‘To‘test
this hypothesis, the earth model was divided into thicker
layeré according to two criteria. To define the commencement
of a new layer the vglocity had to change by a certain
percentagé of the previous velocity, and 'also, a minimum
travél‘.time across each layer was feéuired. Using a variety
of combinations of these two parametefs,y{the correction
factor remained uneffectiVe.b

It was concluded that either the dominant oscillations
of the 1log plot were;;aused by the differencesAbetwgen the
sources used by Panarctic, or, the geologic‘interfaces were-
rough or contortedv‘in' such a . manner that the synthetic
seismqgrams’did not adaguately resemble the VSP traces. Such
cantortions would not be apparent from fhe sonic profile
from which the synthetics were calculated, and may‘ have
scattered energy in an unpredictable fashion. As a result of
this analysis, gg& the relatively high cost of generating
the syqthetics, the correction term vas not usgdbin'any

further analysis. .
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VoA

3.4.Generation of Amﬁlitude Spectra
The length of the first arrival, or window length, was
. determined from.the field data whether or not  synthetic
traces were used in the Q-estimate. A.subjec;ive estimate of
~the length of the first arrival was fequired because there
was no point along a trace where it .vas clear that the first
arrival had ended. An optimum window lengtﬂ\fg-;é;Lired such
that oscillations in the log plot are minimized whiié at the
same time the entire pulse is retained. A number of values
ranging from 50 to 200 msec were tested. An optimum valﬁe of

125 msec wés‘determined from the degree of linearitymof the

log plot. When the éynthetics were included the same window

50

lengths were applied to them.

'Althqugh it was known that Panarctic emplBYed two types
of explosive sources, Geégel and Aquafleg,-duping the course
of the survey, it was not clear thch.traces corresponded to
a particular source. Only in the lower portion of the well
B was  there no"ambiguity. since Geogel was the 6nly sohrce
specified. ‘ r

After the generation of several spectra.with window
lengths of 125 mgec, the source used in each instance became
apparent. Not oniy weré 6hére 'differénces bethen the
speétra of the two‘sobrées, but it was found as well that
the Geogél}source consistently caused shorter first arrivals
than the Aqﬁaflgx. Cohsequently, all Geogel reélated traces.
vere analysed with a window length of 80 msec. Refé;uﬁo

figure (3.6) for a‘gqmparigdn of Aquaflex and ' Geogel first
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N

~arrivals, and to figure (3.8) for a comparison of Aquaflex

and Geogel spectra. Recall from section 2.4 that the shorter

‘the window length, the more constant are the wavelets, and

the closer one may adhere to theorj. Neither the resulting-

Q-values nor their reliability were overly depéndent ‘upon
the window 'length. In_ this study, wjndbw lengths may be
safely varied within $10 msec of the above values. Because

the choice of window lengtﬂ is dependent on the sharpness of

the pglses obtained, the window used will vary from survey

to survey. Hauge (1981) used a 30 msec window, and Ganley'

and Kanasewich (1980) used a 200 msec time window.
Due td the unprocessed nature of the data,'aﬁ% traces,
and thus all first arrivals, exhibited a DC biés which

originated during the recording of the signal. After the

first arrival had been isolated from the rema1nder of _the‘

trace the accompanyxng DC bias was removed. Followxng the

removal of the DC bias zeros were added’ at the end of Ithe

first arrival such that the total number of data points was

1024. This was necessary since an FFT algorithm was used to

calculate the spectra, and thus, the total number of points
was required to be a power of 2. The longer the data set,
the better -is the spectral estlmate but the h1gher the cost
of calculat1ng 1t. ‘

The number of - points in the data set, N, affects the

AL

frequency resolution according to, : ‘\\ |
. . . . \

-

N
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'fn___
a N At

N ’ . \ (. . *’ ' | . 1
where At is the sample interval of the data set. For -

N'= 1024 and At = 1 msec, the'frequency interval is .97 Hz,
which progides enou§h points to allow a linear regression
fit. | | - _ B A

The truncation of a trace'after the first arrival, in
virtually. alln cases, will cause a sharp discontinuity
betweén the end of the window and the :aubsequent zeros.
This, .turn, .artificially adds higﬂf??éguenc1es to the o
spectrum. It is possxble - to minimize the effects ofv
truncation by - applying a cosine bell to both ends of tne
~window ixanasewich,_1981). The coeine bell is“a weighting
function 'that gradually reduces the values of a series of
po:nts to zero. The number of points. affected can be set .as —
de51red In this‘ study, .a variety of values were tried
ranging from 3 to 20 points. A 20 p01nt c051ne bell altered
'the nature o£ the begining and end_of the w1ndow too much
:while 3 points_ did.,inotA‘lreduce the ] discontinuity
sufficiently. 'AS7 a compromise, a 10 p01nt c031ne bell was
applied to both ends of the w1ndow. Furthefﬁﬁ?ET‘the window-
began 5 msec (5 points) before the first break This allowed

for errors 1n pickrng the first break 1n addition too‘.«i‘

-~ \~’£~| R




This procedure was carried out on all four traces (or, if no

v51ncompat1b1e.‘

64,

reducing the effect of the cos1ne bell in an area. of the

trace vhere its usefulness was m1n1ma1
-The: resultzng t1me serles was Fourxer ‘transformedv‘and

the ampl1tude spectrum was calculated,(see.figure (3.8)).

correction factor was uSed, only the two field traces)rand

the natural logarxthm .of the ~amplitude‘ rat1os at - each‘v

‘frequency was calculated in accordance with equat1on (13)
or‘equation"(ls) as required.

During an initial ' survey, it was found that‘the‘log

plot was quite noisy,'so a 9 point '(approxinately 9 Hi).

running average of the amplitude spectra was 1ncluded before

the ratzos were taken. This resulted in a smooth curve w1th

all major osc111at1ons Stlll present. An attempt was made to

smooth the omplex Fourier coefxczents 1nstead of‘\the

amplitudes‘ but peculiar effects arose so this procedure was

abandoned The stra1ght line, that the theory predlcts, ‘did'f

not materxalxze in most cases. Instead an oscxllatory curve
with a linear trend was observed (see fxgure (2. 2))
3.5 Selection of Trace p&i:s_

In the process of Seiectindv pairsf of ftraCes ‘for

analyszs it was. 1mportantm:not to- compare traces that

'orxgxnated from dxfferent sources. Geogel and Aquaflex had .

[N

ﬂrquxte dxst1nct spectral characterxst1cs 'wb1ch :made themn-"'



Due to the approximations described above, very small

'1eVels'of attenUation are difficult to estimate. It vas felt

- that the attenuatxon of a s1gna1 over a d1stance of 200 to

300 meters was‘ measurable‘ and - that thxs prov1ded a hxgh’

aéuan appropr1ate £1gure At depths greater than 3800 meters

the separatxon was 1ncreased to 300 to 400 meters between

65

enough depth resolution to be of'value Dxetr1ch and Bouchon

‘(1985) consxdered a depth 1nterva1 greater than 100 meters~v'

traces in case Q 1ncreased In general Q tendsl‘ o 1ncrease :

w1th depth reducing the attenuatxon to levels less than that

measurable over small receiver separatlons. In this study, Q‘
d1d not 1ncrease appreclably, so a depth resolut1on of 200

. to 300 meters was’ added to the data set below 3800 meters.

Once the more shallow trace was chosen, a compatible.trace‘

- ,

,200 to 300 meters further down the borehole was sought.

The appearance of - the trace played only a ‘small part in

—_—— ~

of the first arrival could be sufflcxently dxdferent between

'could be very 51m11ar, and Lith is this qualzty that‘

| geophone-ground couplxng, or borehole deformatxons such a8
'v,washouts f;o fractures, may render Lanomalous- results;

ﬁffTwenty-one dlfferent shot holes were used by Panarct1c wzth

,the selectaon process.,The phases of the spectral components'

' the —shallov and deep ‘ traces vmakxng them ,seem1ngly'

’ ﬁd1ncompat1b1e. ‘Their amplitude ”spectra on the other hand.

L ilmportant.' I-lov-reveq:‘-{L on many occa51ons spectra were very e
sxmxlar-<;but 3 were nevertheless 1ncompat1ble. \ Subtleﬁ‘f

"'dxfferences, j»'.'due possxbly to vary1ng degrees {_of"’v
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~.no, indication as to which‘hOIed was used on a. part1cular

. ocCasion.~HA in; subtle dlfferences between holes. may have‘,

been:pre'ent. Also, the preparatxon of the dynamxte may hGVef"

varied ~from shot ﬁo shot Powder densxtxes and dens;ty

'variat1ons wxll certaxnly be unxque for each shot,‘and this

'wlll result in dxfferences among 1nd1v1dual source amplxtude e

spectra. . : r'.‘f i — |
| A reliable ‘Q—value :was obtained by ch0051ng paxrs of'

"spectra whe}eby the deeper spectrum was s1mply a copy of the_e

'more shallow one but mult1p11ed by a ramp with any negatxve‘

1ff1cult cond1t1on to. assess, and

slope. Often th1s was a

several phys1cally non- ealxzable values were qbta1ned

3.6.Calculationrof.Q ‘ ol
Givén the ampl1tude spectra of a pa1r of field traces,‘_
‘ the depths correspondlng to eacb spectrum, and’ the veloc1tytf
values ‘for ,the 1nterven1ng layers one may calculate Q by
solv1ng equatxon (14) of sect1on ‘2,3, The value of was;'
. given by the" average value of the veloc1ty of P-waves 1n thea
- 1nterven1ng layers as spec1f1ed by the earth model f,’ ; H:l
Calculat1on of the slope, m,'of the log plot 1nvolves
:several_stepsl_sxrst the m1n1mum and max1mum frequenc1es at‘

f‘which both spectra had suffxc1ent power to be rel1able were“”

“determzned ?yp&ea%~extremes were 15 Hz and 160 Hz, w1th the;jff”;j

fﬁgmxnxmum upper 11m1t of 80 Hz 1n a. few 1nstances. Spencer et;:qu,f

(1982) found measured attenuatxons to be? strongly

1:p'dependent upon the frequency band selected for the least~=ﬁ,‘fﬂ
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_squares\'fit‘nand‘fobSeryed that“the‘ optxmum band was not
" hecessarily determined by the wavelet bandndth Theyl
";suggestedl‘that"hUltiple measurements. should be taken to

‘obta1n the opt1mum frequency band, an optlon not}‘avaxlable
,‘wlth ‘the data set avallable heret y”‘ge (1981) conducted a
cumulat1ve attenuatxon study usxng VSP and found ‘he was able
" to uSe ‘the frequenc1es from 20 to 105 Hz ;n‘one offshore

hole, ‘and the range 15 to 40 Hz for the land surveys which -
*used a . v1brator as a source. Ganley and Kanasew1ch (1980).
:dld a’ spectral analys1s over“two depth‘ 1ntervals ﬂon‘ the
‘frequency' bands 10 to 75 Hz and‘3b to 75‘Hzf‘1n this.study
'the Geogel spectra were more band 11m1ted than the Aquaflex‘vﬁ

spectra, wh1ch is,'fin part due to the1r relatlvely deep;l
frece1ver locatzons.k" .
ane the frequency band was obta1ned the logar1thm of -

the ampl1tude rat1o ‘of each frequency w1th1n/the band l1m1ts

" was plotted versus frequency. One frequency value occurs

Vevery .97 Hz. As ment1oned in the prev1ous sect1on,4 eachhn‘

result1ng ‘curve exh1b1ted some osc111at1on. Agaxn, a n1neq

1 po1nt runnxng average smoothed the plot to’ emphasxze' itsi'”

o vgeneral character. The slope of - th1s 'brve was approxlmated

,_...—

'”q*by fxndlng the slope of the correspondxng 11near least'

si;uares lme as was done by Ganley and Kanasﬂmch (1980¢ ana

o Hauge (1?&]) ’ The power "spectra were | not normalxzed

"“‘“.consequently, the deeper spectrum o£ ‘a ngen Pa“' °°“1d

Q""fxndeed contaln larger amplltudes. A"Itrafy 1ntercept8 '111

. j_result for thzs b reason. For the. sake of um'mty, the

v .



“~,,were not s1m11ar. An“
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' ‘curves. were moved such that they were confined to the first

quadrant,

‘3 7 Elxmxnatxon Procedure

Frequently, curves dxsplayed a lxnear trend only up to

“ai certa1n ’ppiﬂf, after whxch large oscxllatxons and(or,‘
deVietionsjvfrom ‘the 1lnear trend vere apparentf‘ These

,‘irregularlties were attrlbuted to d;fferences in the-source
‘ spectra‘above*a-certain‘frequency; Only onbodg‘occasion"was‘
it necessary to. raxse the lower frequency 11m1t ggder such
cxrcumstances, the irregular‘sectlons were not 1ncluded in-"
‘.the‘ least‘ squares f1t and thus d1d not affect the value of
. Q. If the lxnear trend persxsted for‘ less than 65 Hz the
curve jwas conSxdered unacceptable. The average frequency
"range was about‘15 Hz to 120 Hz. Staznsby and wOrthxngton
(1985) were able to use the 25 Hz to 125 Hz band in the1r
studies.;?requenc;es below. 25 Hz had been flltered out

during -*the,L survey, v and above 125 Hz the, power ®a3

t \
o B

tows

71nadequate.4-
'ufu”[fuo those occaS1ons where a negatxve value for Q arose.'
/the~ curve was dism1ss!& Negatlve Q s phys1ca11y _

-:hunrealzzable,i‘and lmply that the Source.amplltude spectrav-

~

';f:slope.l All else bezng const‘nt,han_1ncreaszng“Q“decreases[

"'f

Methe magnxtudelof the slope, Infz'

v

Q ‘correspondxng'to no

.1fattenuat1on,loccurs when the slope i
’result’when the slope 1s positxv

.cceptable plot wzll haVefia negat1vé tr,_;,




Just as negatiVe Q's

extremely atypxcal Q values.
'depth 1nterva1 were in close
values

‘the. anomalous were

‘-h‘69;
were dismissed, so .too’
If the majority of‘results in a
agreement whxle a few were not

cons1dered to have no vdlxdlty.

. The def1n1t10n of "anomaléus» was taken from ‘Margenau ‘and
Murphy (1956) which‘ Soqgested ythat residuaie exceeding 5
‘tlmes the probable error, r,.be re]ected on the grounds that

‘[such large errors aré*;ot'random The rema1n1ng Q- estlmatesf
had a probable error of 28, that is,

\ :

T = 6745 [ﬂii—)—]'/z; 26

(n - 1)

L]

" where di”i
® by,
e

the residual of the i

th point, Qi,‘and is

-given

wvere .

Q 1s the ar1thmet1c mean equal to 40 for th1s data..Accepted

Q-estlmates Q ,‘were thus found by,
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A‘totaldof<TT/po1nts were rejected on thls baszs. All 'those
: points ‘retaxned in [;he: Q- profxle are dxsplayed 1n fzgure

'f{‘(3 9) ,e~lhl‘ \'” . '_‘.” e

Append1x ‘A includes aall ‘pibt$~’tha£f éaye ‘rise - to.
”accepted Q-Values;'They‘are arranged in order 6f<,increasing>
depth aéeording; tduthe most'shallow trace of'a,giveﬁ pafb;

,Appendix B contaihs the Fortran programs useq theg

"

generat1on of <the Q-values. All p01nts shown w1th1n each

s
!

'ugraph of append1x A were used ui. the calculatxon ‘of, the

‘-fleast Squares curve. Some plots may ar1se from the same

*\depth range but at least one of the“traces was not repeated

(I ',

Vfthus~)renderxng an 1ndependent measutement of Q The mean

5 [

f&veloc:ty fofmthe”éepth 1nferval shown 1s alsoﬂfpresented
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'3.8 Presentation of Results
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r

5 1/2
. STD = (Zy - bey)]
;{tﬁ slope (an)Exz
'&'\”' '. L ' ) (
L e ‘
” ": -:‘- r L \ / , !
where,‘x'represents the discrete frequencies, y g@ives the

V.

,corresponding log of ratio values, b is the'slope of the

least squares regressxon llne, and n is thegpumber of poxnts

(Huntsberger, 1973).1_ : “b

[

-~

ngure (3.9) ‘is. the raw Q-profile for the Sherard F-34
borehole composed of all acceptable Q-values/ Each p01nt, is

plotted at the mid-depth of the 1nterval over vhich it was

' collected The ordinate is depth below “the Kelly Bushlng~

1

(K. B ) thh unlts -of meters, where the Kelly Bushlng is 10

(

meters above the surface of the ground (see figure (2 1))

" The abscxssa is the unxtless qualxty factor,.Q The. relat1ve‘

,&informat1on other thah}.the var1ab511ty of the 16ﬁ“data

.absence of pofnts between 2800 meters and 3800 meters 15 due '

' to the large rece1ver spacxng used durxng the survey between .

these two« depths. The raw . Q-profile “reveals -l1ttlp

. Y :. M R [
:" 3 '. > b

'ﬁl ‘Because attenuetion is* directly broportioﬁal to the
spec1f1c attenuat1on Q . ine the;relat1on (10 b), it is

customary 1nstead to show ‘the’ Varxation of this ﬁSrameter\

A :

£ ' : . o : R

,,
)

A



,”:fstandard deviation of the slope of the respertzve regressxon }
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with depth. Figure (3.10) is a plot of the reciprocals of

the Q-values shown in figure (3,9). An added advantage  of

this type of display is the reduced emphasis placed on
yalues which‘stray far irom the mean during further data
processing.

A prominent feature is immegiately apparent at 2100
meters where the specific attenuation peaks to a maximum fof
a. running ' average as can be seen in figure (3.11, a). Each
'poipt in figure (3.10) waa replaced by the arithmetic mean
of ~all points lying within 100 meters to either side; thus,

[

a Eunning averaée with a window of 200 meters was performed.

the hole. More deéai&\ii found bytsmoothing the profile with

4

The mean value was subsequently plotted at the same'depth as

gthe poxnt in question. The following .points were then

. : ‘ ®
processed .in the .same “manner, consequently the number of

points in the prdfile remained‘loa The poiﬁts' in figure

(3.11, b) were processed in a similar fashion to’ those of
. . : 4
figure (3.11, a), however, the wexghted arxthmetxc means

were calculated 1nstead The largest source of error 1in the

. . .o . .
- . .

consxderably hxgher than that of the slope obtazned from the

.....

least squares lxnear regressxon cufve. 'With ' this in m;nd,

lline. This value accompanxes every plot in appendzx A,

‘a

- . o o
e L Ve e
et 2R o e

icalculat1on_ of. specxfxc attenuatxon comes from tﬂe )
‘deﬁerminatiOn .of Ehe: slope ar1s1ng from the log plot The'

. rel1ab111ty of the 1nterval ve10c1ty and trage separatxon is

‘ each p01nt in the prolee was wexghted by the 1nverse of the -
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Figute 3. 14'5)’2&!lmeter Eunning avéfage”'éf the spec1£1c

, attenuat1on proflle b) 200 meter wezghted runnxng average of

the spec1f1c attenuatxon profile

ad-

B
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€ Both profxles of figure (3 1) exhxbxt an. 1nterest1ng
peak between 1900 and 2300 meters, and an 1nd1cat10n of a
~zone of high attenuatxonl 1mmedxate1y‘ above 4000 meters.
Consider figprev (3.12) where the ‘interval-velpcity,
vlithplogic, specific attenmatiOn,‘and interval-Q-.1 .profiles
ean‘ae-reviewed simultanephslytlThe i.nterval-Q'—1 profile was .
obtained by finding the weighted arithmetic mean of those
Q.1 values 1lying nithin a\ specified depth inter;al..The
depth intervals were»_selected‘ aCCOtding to distinct Q-1
| aones' as apparent;/ffdm"pa(t (a). The 1nterval veloc1ty

. 'profile was described in section 3.2 and the spec1f1c
attenuat1on proﬁiie was 'dupliéated from fi;:re (3.11, b).

The lithologxc sect;on vas duplzcated from figure (3.3), and

the‘ key remaxns Analtered. From figure (3 12), the we1ghted

means of the spec1f1c attenuations for each depth 1nterva1
“‘.afe..given in table (3,1) where the standard dev1at1onsqwere"
P caieuléted with the unweighted means. . The~)numbet; of data‘
A ,‘péints‘"in eacht }ntetvai is givenralong wdth the range of\'
1\{6§va1ues.~ The - range vas determined from 'the" standard

; ,m’d:viation‘ (STD) of the'specxfxc attenuatzon values in each“r

- ) depth 1nterva1 The final column in table (3 1) nges the'~
‘ﬁ, o mo;t’ ptobable qua11ty factor for each 1nterva1.g1ven by the.
‘ invegse of the spec1f1c attenuatlon values in column three.
Oneget of values for the entzre well 1s presented in the,~

-: bottom row of the table..,'. - -

RS SRR X . .
o= \' . . e - c e
BT ) . .
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Table-3.1 Interval Attenuation Statistics

DEPTH

INTERVAL

750
1035
1550
1930
2320
3813

4000

© 750

to 1035 .

to

to
to
to

to

to

to

(meters)

1550

1930

2320

3813
4000

5400

5400

# OF
POINTS

.13

18

50 -

108

\

INTERVAL

1/Q
¢1/Q STD
.02437 ~ .00833
©.04560"" .01562
.05495 _ L03437
..10501 05783
.04603; 1.01904
.08337 04202
.03789  .01920
08858 .03998

- Q-RANGE"
31 62
6 = 33
fi; ' 50
6 21,
17 48
8 - -2¢
18 - 54
B
J2o- 217

77

MOST
PROBABLE
Q

tA

"h1.f9?.
'16
10
© 25

4l

r12

26

022 l.
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3 9 stcussxon of Results

The strongly attenuatxng zone oetween 19301 and‘.2320
meters is assoc1ated ‘thh . a vzrtually uninterupted'Lower‘
Triassic'sandstone lafer,wnich‘extends fromxl400‘ meters to’

'2500l meters. Thefremainder,of the sandstone layer seems to
‘coincide nithga‘SIightly elesated‘aftenuation;.level.’ Hauge
‘(Iéaj) shows clearly that"attenuation ”{ncreases ‘with
Lincreasing sand contentbof rocks; From the'resnlts of a ‘VSP ,

e . H
survey he- found that most of the attenuatzon took place in.

. sandstone laYers wh1le relat1ve1y lxttle occurs 1n the shale

LR !
whlch,‘comprlsed the remainder . . of the hole.-Sta1nsby and

" Worthington (1985) gire"£Urther“examples ,of porousﬁﬁsandV

units geiné associated with, high ‘attenuation. It would

~‘lappear, therefore, that the results obta1ned 1n this study

'further substant1ate these fxnd1ngs.

'

The suggestlon of a h1gh1y attenuatlng zone 1mmed1ate1y'k

- labove 4000 meters appears to be ‘well correlated w1th a

, ,related to' the presence'

‘Tijuurphy j (1982) A change 1n mlcrostructure may,_
‘lradd1tlon, contrxbute to the hxgh attenuatzon, zn that por'

t”f;aspect ratlos m1ght be smaller w1th respect to‘the over- “and

'Junderlyzng layers. The uv1sc031ty of the porel‘fluxd mal

| dxstxnct veloc1ty s1gnature at 3750 meters“, It is not

’l

ff sandstone, however5 1t could be}{A

1nterpreted as a part1ally¢saturated zone (~95x) in contrast

?{?thh fully saturated or dry ne1ghbour1ng rocks 1n accordancee

“}Puith:the results of Wlnkler and Nur 1n 1979 and 1982, ‘a ‘d;‘Q'

}1ncrease i‘ the lowrQ zone, S ¢may the porosxty. These”




‘variations‘ 1n' rock .bngberties may“also”be resbonsibleffor
the varyxng attenuatxon thhxn the . sandstone 1nterval
It should be noted that the attenuat1on observed here!
wxal approxtmate the upper limits of 1ntr1ns1c attenuatxon
,} - due to the 1nc1uszon of frequency dependent scatterlng and \
‘the effects of 1ntrabed multxples. A Q-value of 26 is 11kely |
' to be too low a value ﬂor depths greater than 4 Km.‘
:‘Scatter1ng and 1ntrabed mult1p1es are thought to -cqntribute
to thxs value because of the highly cycl1cal nature of the.
velocity log. It is poss1ble that‘;ome scatterzng is due to
1rregular 1nterfaces ‘wh1ch may be respons1b1e ‘for vthe
faxlure of the correctlon factor dlscussed in sectxon d3 3.
‘vThis rs »in agreement ‘w1th the f1nd1ngs of Spencer et al
| (1982), as ment1oned in sect1on 2. 5. The \sandstone layer, B

relatxvely homogeneous, as can be seen 1n the

however,‘jl

velocxty and'geolog1c proflles, thus,r'scatter1ng and he

number of 1ntrabed mult1ples max.be m1n1mal 1n thls zone.f
: The h1ghly cycl1c strat1graphy between 1200 and 1400 meterszl"
’and below 2500 meters could be deplet1ng the 31gnal ofﬁ
‘ hxgher frequenc1es,,hence 1nflat1ng the attenuatlon at these,d'”‘

xn‘cigfdepths.t Thxs serves to reduce the contrast 1n attenuat1onﬁﬂ~_},

| . :.;between the sandstone layer and bordermg zones. .f t el.
fhfief£°°t5j9°f scatter*ng and 1ntrabed multxples could_ be-ithff
"‘f}e11m1nated ‘t"" contrast:between the sandstone 1ntervalf andh>:“

ﬂ_be enhanced.




: é‘)‘_

. By ‘oonsiderino Futterman's' thxrd dxspers1on relatxon (he
provides three“feasible relatzons) t” is -possxble- ., v
eaoproximate ‘the‘ “percentage attenuatxon that is a result of
- d; ‘ 1ntrabed multlples and’ scatter1ng versus that whxch 1s due;j
to 1ntr1ns1c. attenuatlon.”'Accordzng to Rxchards d Menke
(1982) the apparent attenuataon due ‘to 1ntrabed multxples
and 1ntr1ns1c absorpt1on are approx1mately addxtlve. At the
same t1me 1t w111 be p0551b1e to 'see’ whether or ‘not~‘the
.,,.observed dr1£t between se1sm1c and sonzc arrxval tlmes, as
“_dxscussed\1n sectlon 3 2 cah be accounted for by the.n~
attenuatxon observed In the followzng dxscussxon it must be"ﬁhm‘
noted that attenuat1on 1s ~a‘;nece‘ssar‘y ‘and suf£1c1ent
) condltxon "for» dlspersxon ‘(Eutterman; 1962);‘ and that
'é dzsperszon accounts for' the fVaetd majority of ,theizdrdft'.
,(Stewart et al., 1984) ﬁﬂ;ﬂ1 e "”‘hif .h
' i Over the depth 1nterva1 750 meters to 3695 meters ;:ﬁé*'“
F 34 vell exhlblts a dr1ft (son:c arrzval t1me m1nus se;;mzc“
v arr1va1 t1me per h}lometer) \rV-B msec/Km. Between 3695r]fl
"i;meters and 4600 meters the sexsmxc and eqnxe.veiocxt;es areeogﬁ
‘}"lh roughly comparable wh;le below 4600 meters the se1sm1c$?fyf

'Zﬁef;*LVeloc1t1es are greater than thé son1c velocztles.r Theend‘"

d'ﬂ}behav1our of thef veloc1t1es. below *3695 meters hhhofi“f'*
'fff“explaxned by Futterman R theory andfmay result from reduced

. .y—, N N e
.or errors 1n t1mef”,fj

'];sonlc tool- or geophone~ground couplzng,

teVIeWed In 5 wellsmtheyxthemselvesAstudled (4 wells 1n‘theﬁ
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“Anadarko ba31n of the southern Un1ted States, and 1 well 1nfy*

A

‘nreast Texas) 1htrabed multxples caused ‘a dr1ft of —6 Gﬁ‘it”

msec/Km whlle dzspersion (or” 1ntr1ns1c attenuatxon) resulted{,“

in a dr1ft of -23 msec/Km R 3\]
‘Putterman s third_dzsper§ion ﬁélaticn is given by,?
. ‘\ '.I

?{w)-{c,[ 1 f ;6— 1?(6.6—)n]‘ . -i‘:v - (19) :"

LY

. where,

‘,j' f‘y(w’ = phase 'velocity for a d1sturbance
' - . of angular frequency w- o

@ -xan angu~a:ffrequency below whxch
no attenua on takes place ‘

(let 1t be“ 21x1 ‘-tsec")

o o Q) '

AP c’sfphase veloc1ty for fgequene1es below
TR @y (a constant) R L REPY

‘W g o= idn'y’= 1.78107248...
e oy 1s Euler 'S constant

an:reduced qual1ty factor (a constant);

"" . ‘ "‘ ‘.v v ‘- N
e WL T
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e e *_“]*; Anv‘esflmate of the reduced qualxty factor,7d” can be

i . . “ ) e ‘ " ‘ . " 4 .,". )
' ,.n obtp;ned \1£ he phase velocxty at *each,tof two known

»4.-¢r \,

t\\' o . ,
,;ﬂ’ ~\frequenca.es is aufxlable Because o] 1s a constant equation
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';_3,“‘._7“Let7"o1 be a selsmxc frequenéy ahd- viw,) be the phase
Lo ":‘ Y ' ‘0/‘

vgloclty of a se1sm1c-wave; Doun to the depth of 3695 meters,.

f‘ , the average\ phase‘ veloc1ty 1s 3622 m/s as calculated from'

o "Nf5' the travel tzme of a pulse generated by a Geogel source.

4Lfv"fnfff=", Futterman po1nts out that 1t is the hzghest dom;hant.”
ff.“i irequenoy component of a pulse wh;th}arrxves f1rst. in “vxew‘ﬁ
“.\of 'fo “é.(3 8) the eloc1ty of 3622 m/suwxll pe applled £ .,

)y can. be asszgned tO"the"

'c“ survey wh1ch was 20 kHz..By
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for the zone 1y1ng between 750 meters and 3695 meters. ”Byh e
apply:ng equat1on (20) it 1s possxble to" determzne Q for -a d rf;
ngen frequency. The mean Q down to. a. depth ‘of 3655 meters ;ﬁj

18 23 Because both Aquaflex and Geogel played an equal part '§
s : AR ‘.f,

1n obtaxnxng th1s value, and because this -Q‘ sPould be

"ir assocxated w1th the dom1nant frequency 'of the‘spectrum,lthe ;
) #

-',,“' .

.y average of the two domxnant frequenc1es X 50 ﬁz for Aquaflex'n,\
e and 40 Hz for Geogel (see fxgure (3 8)), was«the frequency

forﬂmhxch \thls viaiue was ,cons:dered to apply. Thus,

A l

Q(QSHa) 23 bgtween 750 and 3695 meters. Equat1on (20)

"zﬂ !however,.renders Q(45Hz) = 60 based on ‘the' observed drxft

,,-yv

L3
t.

(assumxng that 1ntr1nsxc attenuat1on caused the major1ty of ,;i?
the drxft) It seems 11kely that the dlscrepancy in Q-values 0
is due almos% entarely to 1n¢rabed multlples and scatterzng.
because the Q obtazned from dr1ft measurementéﬁthll be'

weakly”Jaffected by such processes whereas that ar1sxng from .

al ratzo method 1s strongly affected Th1s 1mpl1es AN

;”?5‘ that 1ntrabed multlples and scatterzng contrxbute 62% of the ;’79“

e observed attenuatxon.,It must be kept 1n m1nd that there;;fskﬂj

-

':}strong ev1dence o‘;an attenuatxon peak 1n the mzd-k1loHertz

1985) whxch ,'

ﬁ‘s;;fcapable f;;lfq”

The 1ntr1ns1c attenuatlon for the sexsmzc Q;j;ﬁ
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Sy

. mult1p1es to attenuat1on is estimated’ 1nvolves generatxng

”~

‘»alone 1s assumed to be the same for the f1e1d data.{

: e
v, LN } ﬂ “ﬂ . . . N A
v hJ " " A}

“ .
v & . ) e
N .

frequencies calcuiated Strictly from Futtermah*sﬂgelattony.

‘should therefore, be lower in order to leave room for .the

A

attenuation peak to’ increase the -drxft to,the observed
“level. .This places'thehlower limit ’of‘ attenuation aue: to

in ed ‘multxples an63scatter1ng at 62% Ln a study of two-

v‘@“.

‘ wells, Schoenberger and Levxn (1978) found ‘that '1ntrabed"

: acc”unted for 14% to'77% of the observed attenuat1oh Kan‘et‘l‘

‘,*éiﬁ‘(1saz) found a negl1gxble contrxbut1on to‘:attenuatxon

T

\5Iand the result1ﬁg attenuation‘ due to 1ntrabed multzples

~observed  attenuation. ’Summarizing ~the r;sults of. S

~1ntr1nsxc 'attenuatlon.-"he pulses are then analysed via tf

mult;ples ‘alone ‘wereg-reponsxble T f or*'}B% to 50%'of‘thef‘
additional uells ‘from* basins around the world they found-

PRt
t at the apparent attenuatxq@ duéf!to intrabed multlples ffée

P Q"ﬁ LA

due to 1ntrabed multxples 1n an anaiys1s of 2 wells.. e

‘The method by whlch :the“contrxbutlon of 1ntrabed D

synthetlc pulses “that 'do‘?not' 1nclude the reffeots  of ..

! [ T 4 -

spectral ratlo method 1n the same fashxon as in the case
N ‘

L fleld data. The effect of 3catter1ng,1s therefore 1gnored

O

N . a.,

Eguatlop (19) can *now : used obtazn ‘ thg“ﬂhtf

K

non-d15per$1ve 11m1t of the phase veloczty,?c, ngen Q and f~'d'

y..»«. '

the phase veloc1ty at 80ﬂHz, If Q xs taken as 64 then the‘

'

A

parameter e

i34°8 m/si‘and th dxsper31on curve wh1ch3h¥v3

accounts for the obSerVed drift canA\he calculated (seefnl7“

]dﬁfxgure (3 13)) The observed Q(453z) -”~32(Q = 27) producesf:f@;

s e S . » L . . . .
-y . L ! , . P ‘a PO A P R
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Figure 3.13 Dispersion curves for Q(45Hz) = 60 (Q, = 64) and
Q(45Hz) = 23 (Qo = 27), a) frequenéy range 0 to 20 kHz,‘b)

 frequency range 0 to 200 Hz
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a dispersion curve also shown in figure (3.13) -wﬁere‘ c is

now 3115 m/s. This level of attenuation causes a drift of
. -

~21 msec/Km.



Concluqions
|

The variation-of intrinsic atﬁeﬁua;ion wigh depth plays an

-

Lo ) f

important role in the distortion 'of seismic wavetrains.

Since seismic energy is a convenient probe for studying the
2

structure'of the earth, knowleage of the attenuation profilé
increases the pdwerndf the seismic method of ;ééophysical
exploration. The attengdtioﬁ profile éé diagﬁéétic in iﬁs
owh right as it is capable of}discérning zones of. varying

fluid saturat{on, lithology, rock gpicrostructure, porogity,

[y

and temperature. The quality of synthetic seismograms would

!
I
[

be improved with the use of attenuation profiles in their
‘ ) ] . . .
generation. Seismic inversion would, likewise, be improved,

as would the monitoring #f.'steam’ injection =zones, and
. L

possibly, earthquake prediction. The synthetic seismogram

’

generation and seismic inversion both require the Q-values

themselves while the latter two }eqdire the level of fluid
saturation obtained from the attenuation profile. L

| The consensus among current—researchers favors :tg
viscous sqﬁirt flow . mechanism as being the major cause of
intrinsic seismic attenuation. This 1is a 'fluid 4flow
mechanism; coqsequently, it 1is believed that'sa;uration;

pore aspect ratio, and porosity of a medium afe the dominant-

parameters governing intrinsic attenuation. '

As with any experiment, direct sampling of a parameter

+

usually yields the best estimates - for the parameter.

Laboratory experiments are useful in determining

dependencies on ﬁarameters but are unable to study focks in
g " , A
88 .
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their‘undisturbed state. The Vertical Seismic Profiling
(VSP) survey3 i theT most direct approach for studyxng fn
. situ intrinsic attenuat1on. The VSP data from a borehole on
'Melville 1Island, in the Canad;an Arctic, was employed in

this study and subsequently analysed by the apectral “ratio

method. 108 depth  intervals were studied. The depth'

: ) A
intervals ranged in thickness from 200 to' 400 meters and

spanned more than 5 kilometers down the well. '

gn attempt at correcting for fthe .effect of intrabed
multxples, as described by Ganley and Kanasewxch (1980) was
unsuccessful. Reflection arising from smooth horizontal.
interfaces was assumed by them in their presentation of the

correction factor, however, thid may not be applicable in

the Sherard Bay F-34 well. It is proposed here that the

oscillations observed on the log graﬂhs likely result from

source to source variations and/or irregular scattering and

intrabed multiples arising from contorted interfaces. The

combined effects of intrabed .multiples and frequency

s

dependent scatterxng of se15m1c energy appears to contribute
at least 62% of the observed attenuation when ccns1der1ng

the entire well, This value was obtained through an analysis

of the observed seismic velocity dispersion employing'-

"'W. 1. Futterman's results of 1961, which state that

\ 4
'attenuatlon 1s a necessary and sufficient condition for

' d:spersxon. Estxmates of this pergentage are presented in

‘the literature through calculatxon of both synthet1c VsSP

sections for\purely elastic medla and also the sybsequent .

. . : 89
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spectral ratios so that apparent atténuation due to{intrabed'
. . I ' ' ' l v l

multiples -alone can be " 1solated This approach however,

- : ~ ’ ’

does not allow‘jor the effects of scatcer;ngg nor for'*the

presence of non smooth 1nterfaces. The poss1b111ty of poor
geophone- orw sonic tool- coupling to the’ walls of the
borehole may, in addxtzon, contribute to uncertant1e9\1n the

. . ' o . \
attenuatxon»estlmatqs. - o l '
. ) . ' ,‘1 \“
The majority of Q-values obtain?d were reaSonable,

lying betwééﬁ 4.5 and 131.1. The data shows\the pOsSibility'

of a highly attenuatxng zone 1mmed1ate1y above 4000 meters ‘

for which the specxfxc attenuation is 08337 (Q o 12) with

a standa;d éeviétion of .04202, in contrast w1th a tegponaL
"specific attenuatxon of .04458 (Q = 22), with a standafdﬂ
deviation of .03998. A strongly attenuatxng zone, where the
rspecific attenuation is .10501 (Q = 10) wx;h a ,ét;ndard~
deviation of .05783, %ies befween 1930 and 2320 meters and

is ass?&ﬁated with a sandstone horizon of the Lower Triassic
'period.“ln ‘comparing the Q~ of ‘thi§  ione with thét of
neighbouring layefs there.is little doubt ‘of the existence

of the .iow—Q zone“espeéially when the findings of other:
~authors also indicate an association of sandstone wiéh high
attenuation. 1If ‘gﬁe'.effects of * intrabed multip;es' and

\‘ ~ scattering couldvbe:ggduced; ,the contrast in étténuatioﬁ
beiwgén the two low-Q zoﬁeé aﬁd fhé“‘fémainaqr ‘of the.
borehole would likélfiincrease;-‘ g ﬂ.ﬁ |  ” 

It must be kept in mind‘that the data analysed iﬁ'this‘

study was:gatheréqunder-less than ideal survey conditions,
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L

+

" ¥ X ) . . ¢ . | . “ :l‘ i s '3
the survey not being designed specifically for; ‘obtaining’
: ‘.‘&I\ . e S

" attenuatxon kmeasurements. ' Several 'mOdificationsa COuld‘be

2

P
made to the survey procedure empioyed by Panarctic Oils Ltd.

The‘ bOr?hole should be cased down 1ts entlre length for

- N . ‘
better geophone wall coupllng. In add1t1on,, the shot hole

A

should be . concrete lxned to prevent damage to the walls and-

1t should b

fxlled with water. It 1s.3dvantageous for f
\

y o~

e sourcemfpectrum (Hardage, 1983) Ideally, ‘the number

Y

. of shqts - T?yld be kept to a minimum while 1ncorgorat1ng a
maximum numbeTr of geophoges.’ ' '
~ A satisfactory technique £or -obtaining attenuacion )

.measurements entails the useg“of one pair of geophones
~ . \ - .

separated in depth 'by 250 meCe§% or so. Beg1bn1ng at the

An

bottom of the well ra1se~the pair. in 30 meter 1ntervals

less, untxl the top ofabhe well is reached At each level

clamp the geophones to the well and fire a shot. In th1s

(manner, each geophone of the pa1r recelves an 1dent1ca1
’ \
‘source spectrum at’ each depth 1nterval This would greatly

improve the. results of the spectral ratio method, and hence,'

“

the quallty of the attenuat1on prof1le.

It .was the 1ntentxon of. th1s work to obtazn~ an ~
attenuatxg&jprofxle for the Sherard Bay F-34 well, 'to relate‘
*.the proflle to the local 11thology, and u‘txmately, to 1nfer -
'propertxes of the nezghbour1ng rocks. Excellent correlat1on
.of hxgh attenuat;on w1th a -sandstone layer prov1ded\x

' 'confldence that intrinsic attenuation -vas “in  fact being

v

. o, ’ :
9\ B L
. 2 ) . 4 - .
Y : B . Y P “

S e

° be suspended in the water for max1mum repeatabxllty*\
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‘.observed and thus, allowed predxctions to be made regardxng
rock properties‘ for the entire well. The exxstence of the
two low-q.zones may be attr1buted to one or’ more of the
‘ﬁollowxng factors whxch contrlbute to high attenuatxon' the
\ presence of fluxds with hxgher vxscosxty than those .in the
remainder of~ the hole,  pores w;th.smaller aspect ratios,‘
‘more pore space, and a hlgher degree of saturation (=952
fsaturat;on) | “f f |
Further work' is requxred*both in the i;horatory and in
the field to obtain 1ndependent quantxtat;ve measures of
each of the above propertxes such that the nature of the
attenuatxng medium may be more ac¢urately determxned '
add1txon, methods .must be developed whzch reduce the effects
) “

of scatterxng . and 1ntrabed multzples when contorted

‘interfaces are involved. This 1is desirable since  .these

e .the intrinsic attenuation'and, therefore,‘
. ‘ I b
itiy of the attenuation profile. ... = .

effects obsc

reduce the reli
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Log Plots
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Appendix B : Listing of Programs

PROGRAM GEN.DENSTIES
WRITTEN BY NICK KEEHN NOVEMBER 1985.
TH}S PROGRAM GENERATES A DENSITY PROFILE
GIVEN AN INTERVAL VELOCITY (4 DIGIT INTEGER, M/S) PROFILE
AND A REFLECTIVITY COEFFICIENT PROFILE (REAL)
FROM A VELOCITY OF LAYER I, A VELOCITY AND DENSITY OF
OF LAYER I=1, AND A REFLECTIVITY COEFFICIENT OF THE
INTERVENING LAYER, IT CALCULATES THE DENSITY OF THE
LAYER I. IT PROCEEDS ONE LAYER AT A TIME UNTIL THE
END OF EITHER THE VELOCITY OR THE REFLECTIVITY DATA
RUNS OUT. .
IT ASSUMES A DENSITY FOR THE FIRST LAYER OF 1
"CAN BE SET TO ANYTHING DESIRED)

(THIS

INPUT: FILE 1 -
] ! \‘,

)

FILE 2 -

INTERVAL VELOCITIES EVERY ONE
UNIT OF TIME. ONE VALUE PER
RECORD IN FIRST 5 COLUMNS.
REFLECTIVITY COEF.S FOR EACH

INTERFACE. ONE VALUE PER

RECORD IN FIRST 5 COLUMNS.

RELATIVE INTERVAL DENSITIES (NO UNITS).
ONE VALUE PER RECORD IN FIRST 5 COLUMNS.

OUTPUT:FILE 3 -

VARIABLES: RHO = RELATIVE DENSITIES
R = REFLECTIVITY COEFFICIENTS
VEL = INTERVAL VELOCITIES

INITIALIZE RHO1 AND VELI1
RHO1=1.0
READ(1, 10,END=999) VEL1
FORMAT (F4.0)
" WRITE(3,5) RHO1 t
§ ' FORMAT(F7.5) ‘

10

C START LOOPING

100 READ(1,10,END= 999) VEL2 ¢

» READ(Z 11 END=998) R,

11 FORMAT(FII.O)
C WRITE OUT VARIABLES TO THE SCREEN TO CHECK DATA
Cc WRITE(20,20) VEL1,VEL2, R
Cc20 FORMAT(IX F6. 1, 2x F6.1,2X,F7.5)

_ RHO2 = (RsRHOl:VELHRHonvam)/(szzs(1 0-R))
- WRITE(3,5) RHO2

c - -~ RESET RHO!1 AND VEL1

~e
*

128
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VEL1 = VEL2
RHO1 = RHO2
GOTO 100
998 - CONTINUE
999 CONTINUE
c998 WRITE(20,30)
C30 FORMAT('END OF REFLECTIVITY DATA' )
Cc999 WRITE(20, 40)
Cc40 FORMAT('END OF VELOCITY DATA )

STOP
END
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\
‘ , PROGRAM GEN.MODEL
WRITTEN BY NICK KEEHN NOVEMBER 1985 '
THIS PROGRAM USES THE OUTPUT FROM LOGSMOOTH2 (ITS FILE
#2, WHICH CONTAINS TIME DURATIONS (DURATN) AND INTERVAL
VELOCITIES (VELMOD), TO GENERATE AN EARTH MODEL CONTAINING
LAYER THICKNESSES (METERS) INTERVAL VELOCITIES (VELMOD),
AND INTERVAL DENSITIES (DENMOD) IT AVERAGES
(WEIGHTED ACCORDING TO LAYER THICKNESSES, THKLOG)
THE DENSITIES OF THE FULL DENSITY LOG WITHIN A DEPTH
INTERVAL OF THICKNESS, THKMOD.
_INPUT FILES: FILE 1- VELOCITY MODEL FROM LOGSMOOTHZ
: ' : . (TIME DURATIQN AND VELOCITY MODEL)
. 2- DENSITY LOG (FULL LOG).

‘ 3- VELOCITY LOG (FULL LOG)

OUTPUT FILES:FILE 4- EARTHMODEL-(TO BE USED BY Z1 OR 12)

VARIABLE LIST : S
AGREE = DISCREPANCY BETWEEN MY MODEL °
DEPTHS AND PANARCTIC'S
DEPTHS SUB K.B.
MY SHERARD MODEL STARTS AT THE SURFACE OF THE
GROUND ‘SO MY DEPTHS ARE METERS BELOW THE SURFACE,
BUT PANARCTICS DEPTHS ARE METERS SUB K.B.
DENMOD = RELATIVE DENSITY OF A LAYER IN THE
v - MODEL (UNITLESS) . ‘
RELATIVE DENSITY OF A LAYER IN THE

DENLOG =
' * FULL LOG (UNITLESS)
DENSTY! = REL. DENSITY OF THE MATERIAL BETWEEN

\ THE . SURFACE AND THE FIRST LAYER
S (UNITLESS)

DEPTH | = DEPTH FROM K.B. TO THE TOP OF A
o | LAYER IN THE MODEL '(METERS)

DURMOD- \e TIME SPENT IN A LAYER IN THE MODEL
‘ .~ (TRAVELTIME, DURATION, UNITSSMSEC)
“DURLOG . TIME SPENT IN A LAYER IN THE FULL

" {YLOG {1 MSEC)

GRDELV METERS TO SURFACE ABOVE DATUM
. KBELV METERS TO K.B. ABOVE DATUM
STARTD - DEPTH SUB K.B. TO:FIRST LAYER
SUMDEN = \SUM OF THE DENSITIES IN THE LOG
, . \OVER THE DEPTH INTERVAL THKMOD.
. 'THICK = \THICKNESS OF MATERIAL BETWEEN
| "~ DATUM AND TOP OF FIRST LAYER .
THKMOD = THICKNESS (DISTANCE) OF A LAYER
- THE MODEL (METERS)
THKLOG = THICKNESS (DISTANCE) OF A LAYER
| ' IN| THE FULL VELOCITY LOG (METERS)
VEL1 = WEIGHTED AVERAGE-VELOCITY OF THE
- MA ERIAL BETWEEN THE SURFACE & THE.
Tgu AND THE DATUM AND FHE FIRST
| - YER (METERS/SECOND)
VELDAT = OCITY OF THE MATERIAL BETWEEN

THE DATUM AND THE FIRST LAYER
(METERS/SECOND)
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VELELV = VELOCITY OF THE MATERIAL BETWEEN

THE DATUM AND THE SURFACE
| - (METERS/SECOND) .
- VELMOD = VELOCITY OF A LAYER IN THE MODEL
- (METERS/SECOND) \
VELLOG = VELOCITY OF A LAYER IN THE FULL LOG
‘ (METERS/SECOND)
INITIALIZE VARIABLES:
" GRDELV = 62.0
KBELV = 72.0
STARTD = 399.9
~VELDAT. = 2253.0
VELELV = 2300.0 -
' DURLOG= .001 &

INITIAL CALCULATIONS ‘ .
'KBELV - GRDELV . Ly

AGREE =

THICK = STARTD - KBELV

VEL1 = (GRDELV*VELELV + THICK*VELDAT)/(GRDELV+THICK)
VELMOD ‘= VEL!1

THKMOD = GRDELV + THICK

.DENSTY =:1.0 ~

DENMOD = DENSTY

DUE TO RESTRICTIONS PLACED BY Z1
VELMOD MUST BE CONVERTED TO AN INTEGER
(IE. THERE IS NOT ENOUGH SPACE FOR THE
DECIMAL POINT)
IVELMD =" INT(VELMOD+.5)
DEPTH = THKMOD
TFSTAR = THKMOD/FLOAT(IVELMD)
IF (THKMOD GE.100.0) WRITE(4,128) THKMOD,IVELMD,
& . DENMOD,DEPTH, TFSTAR
IF ((THKMOD GE.10,0) .,AND, (THKMOD.LT. 100. 0)) :
& WRITE(4,129) THKMOD,IVELMD,DENMOD,DEPTH, TFSTAR
1P (THKMOD LT.10.0) WRITE(4 130) THKMOD IVELMD
: ,/& DENMOD ,DEPTH, TFSTAR
128 FORMAT(5%,F5.1,15,F5.2,5X,F6.1,5X,F6. 4) ' »

129 FORMAT(sx,Fs.z,Is,Fs.z,sx,Fe.1,53,95.4) o

130 FORMAT(SX,F5.3,15,F5.2,5X,F6.1,5%,F6.4)

START LOOPING THROUGH THE DATA:
1000 READ(1,100,END=999) DURMOD, VELMOD
100 *. FORMAT(FS 0,1X,F6.0)
~ THKMOD = DURMOD*VELMOD# 001
IDUR - = INT(DURMOD) ~ -
SUMDEN = 0.0
DO 10 I=1,IDUR .
' READ(2, 110) DENLOG
110 FORMAT(F? 0)

- . READ(3,120) VELLOG *
120 FORMAT(F4.0) .

© THRLOG = VELLOG*DURLOG
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- SUMDEN = SUMDEN + DENLOG*THKLOG
10~ ' CONTINUE
C THKMOD IS THE SUM OF THE THKLOG S FOR A LAYER
C . IN THE MODEL ‘
o DENMOD = SUMDEN/THKMOD
' DEPTH = THKMOD + DEPTH ' 4
WRITE OUT THE RESULTS 'FOR THE LAYER OF THE MODEL
JUST ANALYSED. g
DUE TO RESTRICTIONS PLACED BY Z1
~ VELMOD MUST BE CONVERTED TO AN INTEGER
@ ~ (IE. THERE IS NOT ENOUGH SPACE FOR THE
DECIMAL POINT)

No¥s¥eXeXeXe

L
L

EIVELMD = INT(VELMOD+ 5) a )
TFSTAR = TFSTAR + ' THKMOD/FLOAT (IVELMD) '

C ERROR CONDITION FOR IVELMD THERE IS NO ROOM. FOR
C : : NUMBERS GREATER THAN 4 DIGITS
‘ iIF (IVELMD.GT.9999) GO TO 990
IF (THKMOD.GE. 100 0) WRITE(4,128) THKMOD, IVELMD :
& DENMOD,DEPTH, TFSTAR
IF ( (THKMOD.GE.10.0).AND. (THKMOD.LT.100. 0))
& WRITE(4,129) THKMOD, IVELMD,DENMOD,DEPTH, TFSTAR
IF (THKMOD.LT. 10.0) 'WRITE(4,130) THKMQD IVELMD
& . DENMOD, DEPTH, TFSTAR

GO TO 1000-. '
990  WRITE(4,18) 'ERROR: VELOCITY BECAME‘UNREASONABLE'
18 FORMAT(A35) ‘ : -

STOP

C LAST LINE OF MODEL DATA MUST HAVE A THICKNESS OF 99999
C. METERS FOR THE PROGRAMS 21 AND Z2 WRITTEN BY DAVE GANLEY
*' 999  WRITE(4,131) 99999,IVELMD,DENMOD

131 FORMAT(SX 15,15,F5.2)

c WRITE(4 151) 'KB IS ',AGREE,' METERS ABOVE THE SURFACE'
C151 FORMAT(AS Fg.1 A25) ' - :

STOP’ S '
END | ] S

- ~
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B
: PROGRAM INVQ RUN. WTA
WRITTEN BY NICK KEEHN 1986.
THIS PROGRAM CALCULATES A WEIGHTED RUNNING AVERAGE
OF Q DATA. THREE WEIGHTS ARE ALLOWED FOR:
‘1. 1/RESIDUAL*1/(STD OF SLOPE OF LOG OF
' e -RATIO PLOT) ‘
o 2. 1/(STD-OF SLOPE ONLY) ° ..
3. NO WIGHTING IE. WEIGHT = 1

nnnnnnnh

DIMENSION DEPTH(ZOO) INVQ(200), SLSTD(ZOO) RES(ZOO)
DIMENSION Q(200), IHOLD(ZOO) ‘

DIMENSION WT(ZOO) WTEDIQ(ZOO)

CHARACTER#50 TITLE

REAL INVQ

WLEN = 200.0

I=1

C READ IN THE ENTIRE SET OF DATA
READ(1,34) TITLE - EA
: wnrrz(z 34) TITLE
34 FORMAT(ASO) '
100 READ (1,s,END=999) DEPTH(I) Q(I), SLSTD(I)
INVQ(I)-I O/Q(I) : .
I=l+1
GOTO 100 ;

. 999 CONTINUE

C 'PERFORM THE RUNNING AVERAGE
NDEPTH = I-1 ‘

DO 300 J=1,NDEPTH
SUMWTQ = 0.0
‘SUMSTD = 0.0
. SUMWTS = 0.0
© 11 = 0
'SUMDEP = 0.0
. SUMIQ = 0.0
P = 0,0 ‘ _ \
. DO 200 I=T, NDEPTH
IF(DEETH(I) LT. (DEPTH(J)-WLEN/2. 0)) GOTO 250
IF(DEPTH(I).GT. (DEPTH(J)+WLEN/2 0)) ‘GOTO 250
II'= II + 1 S |
" IHOLD(II) = I '
P = P+1,0 |
- SUMDEP = SUMDEP + DEPTH(I) , L
- .7 .SUMIQ = SUMIQ + INVQ(I) :
250 'CONTINUE | R
1200 CONTINUE ‘
. "IP = INT(P) S
" "AVEDEP = SUMDEP/P-
., AVEIQ = SUMIQ/P.



DO 600 L=1,IP
RES(L) = ABS(AVEIQ - INVQ(IHOLD(L)))

WP(L) = 1.0/RES(L) =% 1. O/SLSTD(IHOLD(L)) -

~ WT(L) =1, O/SLSTD(IHOLD(L))
WT(L).= 1.0
WTEDIQ(L) = INVQ(IHOLD(L)) * WT(L)
SUMWTQ ‘= SUMWTQ + WTEDIQ(L)
SUMWTS = SUMWTS + WT(L) ’
600 ' CONTINUE -
AVEWTQ = SUMWTQ/SUMWTS :
. WRITE(2,400) DEPTH(J) AVEWTQ
300 CONTINUE
- 400 FORMAT(FG 1,5X, F6. 5)

- STOP
END
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- C ' PROGRAM PLOT.LOG
C WRITTEN BY NICK KEEHN NOVEMBER 1985 .
C THIS PROGRAM PRODUCES A LOG PLOT QIVEN THE THICKNESSES OR
C DURATIONS OF EACH LAYER (ANY NUMBER OF LAYERS) AND ITS
CORRESPONDING LOG VALUE. ‘ o
"NOTE: EVERY LAYER WILL ALWAYS BE PRESENT REGARDLESS OF
- VERTICAL SCALE OR HORIZONTAL SCALE USED. THE MORE
' CONDENSED THE PLOT THE MORE THE THICKER LAYERS ARE
‘CONDENSED. IN THE EXTREME ALL LAYERS WILL APPEAR

TO BE THE SAME. THICKNESS.

INPUT‘FILES : FILE 1 CONTAINES THICKNESSES AND
‘ 'LOG VALUES WITH 1 PAIR PER
RECORD. (FREE" 'FORMATED)
OUTPUT FILES FILE 2-CONTAINES A DEPTH (OR-TIME)
VS LOG-VALUE (INTERVAL VELOCITY)
.~ LINE PRINTER PROFILE. .
7-CONTAINES A VELOCITY' PROFILE
SUITABLE FOR AN ESPP VERSION )
OF FILE #2 (FORMATED DATA 10F12.1)

VERSCL = VERTICAL (TIME OR DEPTH) SCALING FACTOR ‘ 9
(=1 FOR NO CONTRACTION) ‘

LATSCL = LATERAL (INTERVAL VELOCITY) SCALING FACTOR
' (=1 .FOR NO CONTRACTION)
" VUNITS = UNITS OF. THE VERTICAL AXIS (MSEC METERS ETC )
VORGIN = STARTING VALUE OF VUNITS ‘
HUN%TS = UNITS.OF THE HORIZONTAL AXIS (METERS/SEC ETC )
: OPTION‘-'Z ==> LINE PRINTER PLOT

1 ==> ESP PLOT

onnnnndonnonnqndnhdnnnnnhon

DIMENSION PLOT(6000)

' REAL LOGVAL,VERSCL,VORGIN

'INTEGER LATSCL,OPTION" .

' CHARACTER*1 STRING(1:100), TITLE:GO VUNITS*G‘ : ,

CHARACTER#1 HUNITS#10 | | S,
- 'CHARACTER#100 JUNK1 S 3 . o
. CHARACTER DOT | . ‘

- DATA (STRING(I),I=1, 100)/100*' '/
| DQIA,(PLOT(II) 11 r 6000)/6000*0/
Q.DUMMY = 0.0 - , _

A *‘{,READ ONE LINE OF TITLE FROM EARTH MODEL AND THROW. AWAY
- READ(I 8). JUNK1 - Lo
8 FORMAT(A100)

@

'lSET UP TITLES AND RUN PARAMETERS R ‘ L
- TITLE = 'SHERARD: FILTER= , %CHANGE= %, 'IDC= . L
.VERSCL = ,01 WORKS: WELE*FOR LINE PRINTER PLOTS BUT = 1.0
* ' SHOULD.BE USED FOR ESP PLOTS TO GET FULL RESOLUTION
.'THE "ACTUAL -SIZE OF THE PLOT CAN BE CHANGED WITH '
- ESPP ‘COMMANDS = . :
:HOFSET = . HORI ZONTAL. OFFSET. OF THE ESPP PROFILE R
‘ THIS JUST SUBTRACTS OFF ##### METERS/SECOND

‘ .

‘kdhohndjn
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FROM EACH INTERVAL VELOCITY SO IT LOOKS BETTER

~OPTION = 1 -

~ HOFSET =:0000.
VERSCL = 1.0 o
IF (OPTION.EQ.1) VERSCL = 1.00
LATSCL = 1, S |

~ VORGIN = 0.0 v
VUNITS = 'METERS' :

- HUNITS = "M/S'

. IF (OPTION.EQ.1) GOTO 432

WRITE(2,6) 'VERT SCALE: ', VERSCL, "HORIZ SCALE

‘ & LATSCL,TITLE
6- FORMAT(A12,F4.2, 3X A13, I1 5%, AGO)
WRITE(Z 7) VUNITS HUNITS '
7 ‘ FORMAT(AS 3X A10) S, \
B -

432 CONTINUE

INITIALIZE VARIABLES _
DOT = L L
" COUNT = 0.0 + VORGIN o
SI1=0 | i

c START LOOPING DOWN' THE HOLE

5 . READ(1,*,END=999) THKNS, LOGVAL

: 1F (THKNS EQ.99999.0) GOTO" 999
" ITHKNS = INT(THRNS*VERSCL+0.5)

«~" IF ((THKNS*VERSCL).LT.0.5) ITHKNS=1

. NBLANK = INT(LOGVAL/100.0+0.5)
.NBLANK = LATSCL#NBLANK-20.

IF. (OPTION.EQ.2) STRING(NBLANK)= |t

" PRINTOUT A LAYER OF THE EARTH
 DUMMY = DUMMY+THKNS
' DO 100 I=1,ITHKNS
.. COUNT=COUNT+1.0
.‘nuumxscouuw/vznscn

II = II+1 . e

””PLOT(II) = LOGVAL = HOFSET

11

‘999,

'IF ((OPTION.EQ.2}<AND.(I.NE. iTHKNs))

 WRITE(2,11) LOGVAL,DOT, (STRING(J),J=1,100)

g "IF ((OPTION.EQ.?2).AND. (I.EQ.ITHKNS))
& ' WRITE(2,10) DUMMY,LOGVAL,DOT, (STRING(J) ,J=1

FORMAT(lOX F6. 1 4%, A1, 100A1)

IF (OPTIﬁN EQ 1) WRITE (3 337)

10 __FORMAT(F7.d, 3%, F6_ ,4X,A1,100A1) ‘1 ‘;=' o
100 . CONTINUE ~ ' o ,
| IR (OPTION EQ 2) STRING(NBLANK)-
_.GOTO 5
CONTINUE

AN
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Y POINTS IN ESPP LOG = ',IT -
337 'PORMAT (A38,14) .
: IF (OPTION. EQ 1) WRITE (7 447) CPLO'P(I) I=1, 11)
' 447 FPORMAT(254P8.0,254F8. 0(;54?8 .0,254F8.0,
S 25
25

$ 254F8.0,254F8.0,254F8.0,254F8.0,
'$ 254F8.0,254F8.0,254F8.0, 2 4F8.0,
s 254F8.0, 254F8 0,254F8. o 54F8. 0) o
STOP. ‘ , o N
" END : N ‘ : ‘
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PROG SONIC2.PGRM

WRITTEN BY NICK KEEH (FORTRAN??) ) ' .'*
DATE: AUG 1985 '
ATSD ADJUSTED TIME SUB DATUM (ssconos)
AVEVEL , AVERAGE VELOCITY (M/8) -
DSKB 'DEPTH SUB -K.B. ' (METERS) . FILE 1

INTVL1 . INTERVAL VEL. OF A DEPTH INTERVAL
INTVL2  INTERVAL VEL. OF LAYER BELOW THE LAYER
o ASSOCIATED WITH INTVL1
" KBEL. 'K.B. ELEVATION ' (METERS)

RCOEF REFLECTION COEFICIENT =

UNAIT UNADJUSTED INTEGRATED TIME (SECONDS)

 SONIC2.PRGM >> FORTRAN77 PROGRAM  *
FILE 1 SONIC2.INPUT >> INPUT DATA: KBEL,DSKB,ATSD.
o >> INTERVAL:VELOCITIES
FILE 9 SONIC2.0UT . >> OUTPUT FILE

OAOONOO0NNONNOOONONOO

! . ! ! 14
' 'REAL ATSD,DSKB,KBEL,UNAIT,RCOEF,DT
- REAL INTVLI INTVLZ AVEYEL ‘
' INTEGER COUNT C

c START PROGRAM WITH INITIAL VALUES
- COUNT = 0 :
DT = .001
‘eREAD(l * END=9999) KBEL,DSKB,ATSD
" UNAIT = 0;0. )
- AVEVEL = (DSKB - KBEL) /‘ATSD
READ(2, *#,END=9999) RHO1"
READ(1,* END=9999) INTVL1
COUNT = GOUNT+1 ’

;:‘“‘&; C SET UP OUTPUT FILE TITLE LINES(FILE 9). T

LBty WRITE(9,1010) 'KBel = KBEL, meters' =
1010 FORMAT(A7 F5.0,A8) : ‘ , j_

"WRITE(S,s) ' ' , - ,

'WRITE(9,1011) 'Depth' 'Adj. 'Unadj.: 'Avge.

SSERE A ¢ Y% "'Reflm_ .
1011 - FORMAT(A6,2X, A6, 2X,A6, 2%, A6,2X,A6,2%, AG)
WRITE(Q 1011) Sub' 'T1me 'Integ | 'Vel

&'Vel.','Coef."

C WRITE(9,1011)" x;B.. ‘Sub',‘Txme ' (m/s) ',

o ]j& (m/s)a", -approx’' - . [

- 'WRITE(9, 1011) '(m)' "I;)at"um'

'-,WRI'I‘E(Q %) SR

‘WRITE(Q K) " S

'QWRITE(Q 1020) DSKB ATSD UNAfT INT(AVEVEL) -,'“
‘FORMATT(FG 1 ZX,FG 4 2%, F6 4 ZX 16 1OX F7. 5)




f7£°. A o R k-

\
C. START LOOPING THROUGH THE DATA
5000  DSKB = DSKB + INTVL1sDT
. . ATSD = ATSD + DT *.

UNAIT =.0.0 }
AVEVEL= (DSKB - KBEL) / ATSD
. READ(2,%,END=9000) RHO2
" READ(1,s,END=9000) INTVL2
COUNT = COUNT+1 L
RCOEF = (RHO2#INTVL2 - RHO1:1NTVL1)/

e ‘ (RHOZ:INTVL RHOI#INTVL])
4 WRITE(9, 1030) INT(INTYL1): \
1030 FORMAT(32X,16) =\ A '
g WRITE(9, 1020) DSKB ATSﬁ\UNAIT INT(AVEVEL) RCOEF
. . ' A . \ o ' '
INTVL1 = INTVL2 -‘,\\U SRR %
"RHO1 = RHO2 N
‘ ‘ N \
GO TO 5000 . N Y
9000 WRITE(9,1040) ' TOTAL # OF INTERVAL\VELOCI?IES READ = ',
& , COUNT . | |
1040 FORMAT(A40,14) o ?\
‘ GO TO 10000 '
9999 WRITE(9,+)'THERE IS NO INTERVAL VELocg?Y DATA PRESENT'
10000 CONTINUE. - | o N U
STOP ‘ o ) . I ) \. '

N Ty

i

END . A : L
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PROGRAM SPECTRL.ANAL

C .
© C WRITTEN BY NICK KEEHN (1986).
C RECNUM = RECORD NUMBER TO BE ANALYSED , .
. C ILAHZ ~ = CALCULATE THE SPECTRUM FOR THE FIRST ILAHZ HZ
"C. IWSTRT = WINDOW START, IN # OF DATA POINTS (NOT MSECS)
C IWLEN = WINDOW LENGTH, IN # OF DATA POINTS (NOT MSECS)
,C ZROPAD = PAD. THE WINDOW AT THE END.WITH ZEROS
c - - 'THIS MUST BE A POWER OF 2, SO THAT THE TOTAL
'C - NUMBER OF POINTS IN THE SERIES IS ZROPAD
.C IMAG . .= THE IMAGINARY' PART OF THE FOURIER. SPECTRUM.
- C B = INPUT RECORD, 3(1) AND B(2) ARE HEADER
c.o - INFORMATION
« C NPTS = NUMBER OF DATA POINTS IN RECORD INCLUDING HEADER
. c < THE ENTIRE NPTS .DATDA POINTS IS READ IN,, THE -
¢, . .HERDER IS SKIPPED AND THE SPECIFIC WINDOW POINTS
C% 1S ASSIGNED TO TRACE(I). |
S C AT THE TRACE(I)IS THEN INCRESED IN LENGTH TO ZROPAD .
- Cc A COSINE BELL IS THEN APPLIED TO THE' DATA AT i
C BOTH ENDS OF THE WINDOW DATA. -
» ' C IFORMT = 1 BINARY DISK INPUT OF RECORD
C . (NOT INCORPORATED YET) ‘
"€ =2 REAL DISK INPUT OF RECORD ,
', C» HEADER =

HEADE%\LENGTH (NUMBER‘OF DAT5’VALUES)

o AT \ l ! ®
¢ DIMENSION B(5000) TRACEKSOOO) AMPLTD(ZSOO) PHASE(ZSOO)
' DIMENSION IMAG(SOOO)

Py g‘;J DIMENSION X(520),Y(520) . '
] .".~. INTEGER RECNUM, IWSTRT, IWLEN, ZROPAD, IFORMT, HEADER NPTS
,~  REAL’ IMAG .
R ¢l R L . 4 ot
TR .." ..+ CALL PLOTS
NS . CALL PLOT(-12.0,2; o —3) R
¢ "  IORGIN =0 -/ | / ,. o o
. RK = 0 n : —_
- ;7100 READ (5,# END=999) RECNUM IWSTRT IWLEN, ZROPAD IFORMT,
R ¥ .. HEADER, NPTS DT ILAHZ,‘ IARTRE

.DF=1, 0/(ZROPAD*DT) ‘ .
WRITE(2, * ) RECNUM, IWSTRT IWLEN ZROPAD IFORMT HEADER tqb
& L NPTS DT ILAHZ DF ‘f , ) , ‘

87 KK = KK + 1 T T 8 e
- " IF (IFORMT.EQ.2) READ(4 37) (B(K) K= 1 NPTS)
.IF (IFORMT.EQ.1) READ (4) (B(K), x-1 NPTS)
_IF (RK.LT.RECNUM) GOTO 82 . «

. 2

37 FORMAT(254F8 0,254F8.0, 254P8. o '254F8.0,
.-'$ . 254F8.0,254F8.0,254F8.0,254F8.0,
« §$. o ' 254F8.0,254F8.0,254F8.0,254F8.0, '
$ - 254F8.0,254F8.0,254F8. 0, 254F8. 0)¢ o
P QDEPTH'B(Z) o R R
© ' WRITE(2,#).'TRSQN AND ospwu = ,Tnsgn,naewa“qugfu e
M = .INSTRT -+ HEADER - o Do

B o R ,
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 SUM = 0.0

e DO 2 I=1,IWLEN
o T M=M+1 - .
 TRACE(I) = B(M) A
SUM = SUM + TRACE(I)
2 CONTINUE - ,
¢ REMOVE DC BIAS FROM THE WINDOW
: - AVE « SUM/(FLOAT(IWLEN))
DO 33 1=1,IWLEN : ‘
: TRACE(I) - TRACE(I) ~ "AVE
33 CONTINUE

. C  PAD WITH ZEROS UPTO ZROPAD
' - WINLP! = IWLEN + T
© ' DO'5 I=WINLP1,ZROBAD
" TRACR(I) = 010
5 . CONTINUE

DO 16 I=1, 5000
‘. IMAG(I) = 0.0
“16 CQONTINUE
. L
C TAPER THE DATA WITH A COSINE BELL AND FOURIER TRANSFORM.
C o THE TRACE NOW IS-THE TIME DOMAIN DATA
. : GALL TAPER(TRACE, IWLEN, 10)

CALL MYFFT(TRACE, I#AG, ZROPAD, 1)

rs

C-  TRACE I5 NOW THE REAL PART OF THE SPECTRUM
MPTS = ZROPAD / 2.0 . | b
DO 479 J=1,MPTS

PHASE(J)-ATANZ(IMAG(J) TRACE(J))
AMPLTD(J)*SQRT(ABS(TRACE(J))**2 0+ABS(IMAG(J))**2 0)

& ./ZTROPAD
479 CONTINUE S )

¢ - WRITE OUT THE SPECTRUM WITH DSPTH AND TRSON

C WRITE(8) TRSQN,DEPTH, (AMPLTD(I),I=1,MPTS) -

[« WRITE(8,43) TRSQN,DEPTH, (AMPLTD(1),I=1,MPTS) Q‘
* C © - WRITE(8,43) TRSQN,DEPTH, (PHASE(I) 1=1 ,MPTS)

€ a3 FORMAT(10F8 1)

C PLOT THE SPECTRUM

IORGIN = IORGIN + 1 . W
. XORGIN = 0.0, - .

"IF (IORGIN.EQ.4) IoaGIN

IF (IORGIN.EQ.1) YORGIN = 14.0

IF (IORGIN.EQ.1) XORGIN = 14.0

‘ IF (IORGIN.NE.1) YORGIN = -7.0

(o - _ MOVE THE ORIGIN -

1

PR
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CALL PLOT(XORGIN, YORGIN -3)
CALL PL%T3(AMPLTD ,DF,'ILAHZ, TRSQN , DEPTH, IWSTRT, IWLEN)

C GO BACK FOR ANOTHER SPECTRUM

GO TO 100 . '

999 CALL PLOT(0.0,0.0,999) .

sSToP . '
END ~ ' : '

PROCESS SC(AXIS2, SYMBOL)

OO0 0O00n sNeKoNg)

9

- SUBROUTINE PLOT3(Y,DF,ILAHZ,TRSQN,DEPTH, IWSTRT IWLEN)

DIMENSION X(516), Y(SIS)
WSTRT = FLOAT( st'rn'r)
WLEN .= FLOAT(IWLEN)

ILAPTS = INT(FLOAT(ILAHZ)/DF) A .
ILAP1 = ILAPTS+1
DO 9 I=1,ILAPI
X(I) = (I-1)=*DF
CONTINUE

DO THE NEXT TWO LINES IN THE CALLING ROUTINE IF MORE
THAN ONE PLOT IS TO BE MADE

CALL PLOTS
CALL PLOT(2.0,2.0,-3)

AUTOMATIC SCALING

CALL SCALE(X,7.0,ILAPTS, 1)
CALL SCALE(Y,7.0,ILAPTS, 1)

MANUAL SCALING

. X(ILAPTS+1)

LOWEST VALUE ON .X AXIS

X(ILAPTS+2) = # OF POINTS PER CENTIMETER ALONG X AXIS

'Y(ILAPTS+1) = LOWEST VALUE ON Y AXIS

Y(ILAPTS+2) = # OF POINTS PER CENTIMETER ALONG Y AXIS
X(ILAPTS+1) = 0.0 _

. X(ILAPTS+2) = 20.0 , f‘{
Y(ILAPTS+1) = 0.0
Y(ILAPTS+2) = 8.0

SET
$
$

UP AND LABEL AXES
CALL AXIS$2(0.0,0.0, Frequenc (Hz)',-18,8.0,0.0,
X(ILAPTS+1) ,X(ILAPTS+2 n1.0)
CALL AXIS2(0.0,0.0,' Amplxtude 10,5 0,90.0,
: Y(ILAPTS+1),Y(ILAPTS+2),—1.0) a

DRAW BOX AROUND PLOT

CALL PLOT(8.0,0.0,3)
CALL PLOT(8.0,5.0,2)
CALL PLOT(0.0,5.0,2)



'C DOCUMENT
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

C PLOT THE

THE PLOT ‘ .
SYMBOL(8.5,4.5,.25,'"TRSQN =',0.0,7)
NUMBER(10.4,4.5,.25,TRSQN,0.0,-1)
SYMBOL(8.5,4.0,.25, 'DEPTH =',0.0,7)
NUMBER(10.4,4.0, .25,DEPTH,0.0,-1)
SYMBOL(8.5,3.5,.25, '"WSTRT =',0.0,7)
NUMBER(10.4,3.5,.25,WSTRT,0.0,~-1)
SYMBOL(8.5,3.0,.25,'WLEN =',0.0,7)
NUMBER(10.4,3.0,.25,WLEN,0.0,~1)

DATA

CALL LINE(X,Y,ILAPTS,1,0,4)
' - & .
'~ C DO THE NEXT LINE IN THE MAIN PROGRAM
c CALL PLOT(0.0,0.0,999)
RETURN

END

143



SUBROUTINE MYFFT(FR,FI, N ISIGN)
C WRITTEN BY NICK KEEHN (1986).
C N IS THE NUMBER OF DATA POINTS-Z:*M ,
C FR 1S THE REAL DATA SET

C FI IS THE IMAGINARY PART OF DATA SET(-O 0 IF ONLY REAL)

¢ _UNLA SnIE
C ISIGN = +1, APPLY FFT . - -
(o © =1, APPLY IFFT
REAL FR(N),FI(N),GR,GI  ER,EI, éb EZ, PI
DATA P1/3. 141592654/
C . FIRST COMPUTE M
‘M =0 . . A
KD = N° -
1 KD = KD/2
M = M+1
IF(KD .GE. '2) GOTO 1
ND2 = N/2
NM1 = N-1
L =1
C SHUFFLE INPUT DATA IN BINARY DIGIT REVERSE ORDER
"'DO 4 R=1, NM1
IF(K .GE. L) GOTO 2
GR = FR(L)
GI = FI(L)
FR(L) = FR(K)
"FI(L) = FI(K)
FR(K) = GR
_ FI(K) = GI
2 NND2 = ND2 .
3 _ IF(NND2 .GE. L) GOTO 4
L = L -~ NND2 L,
NND2 = NND2/2
: GOTO 3 -
§ . L = L+NND2
SIGN = -FLOAT(ISIGN)*PI
. C FIRST_ARRANGE‘ACCOUNTING OF M.STAGE
DO 6 J=1,M
“NJ = 2%%J
NJD2 = NJ/2
EU = 1,0 ‘
EZ = 0.0 o
.ER' = COS(SIGN/NJDZ)
EI = SIN(SIGN/NJD2)

C ff COMPUTE FOURIER TRANSFORM IN EACH M STAGE

-

144
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DO 6 IT=1,NJD2
DO s IW=IT,N,NJ
‘ IWJ = IW+NJD2
. * GR = FR(IWJ)sEU - FI(IWJ)*EZ /
\ - GI = FI(IWJ)*EU + FR(IWJ)=*EZ .
' FR(IWJ) = FR(IW) — GR
FI(IWJ) = FI(IW)-—GI
'FR(IW) = FR(IW) + GR

5 - FI(IW) = FI(IW) .+ GI
SEU = EU

, \ EU = SEU*ER - EZ3EI

'6 . EZ = EZ#ER + SEUsEI

IF(ISIGN ;EQ; 1) RETURN
RN = éLOAT(N)

DO 7 I=1,N
7 FR(I) = $R(I)/RN T
DO 8 I=1,N :
8 FI(I) = FI(1)/RN ‘ '

RETURN ./
END ‘
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-~ PROGRAM LSR4F.CALL
'WRITTEN BY NICK KEEHN, JULY 1985.
THIS PROGRAM WAS' WITTEN AS A CALLING PROGRAM FOR ot
D.C. GANLEY'S LSRAF SUBROUTINE. ' -

nonn

, DIMENSION X1(8192), x2(8192) x3(8192) x4(8192)
C DIMENSION 811(8192) 211(8192)
. DIMENSION Y1(8192), Y2(8192) Y3(8192), Y4(8192)
‘ DIMENSION RAT(SIZ) DIF(512) )
DATA RLNZ/ 693147181/
COMMON /LSRCOM/ LZNY DT,DF, IWL,IC, IWT, ISM FSWID

C DT IS IN MILLISECONDS
" READ (15,1) NX,DT :
1. FORMAT(SX 15, FS 0) ! s

C MAXIMUM VALUE OoF MPTS=1000 /(2 ¢DT*DF) = NY/Z

READ (5,3) MPTS,NY, IWL IC,IWT,ISM, FSWID Nx12 .
FOR PANARCTIC DATA NX12 = 4000 : T *
FOR 22 DATA NX12 = NX

NX12 = NX

noo

3 FORMAT(5X,615,F5.0,15)
DF = 1000. 0/(DT:NYY

C CHANGE MPTS FROM NO. OF HERTZ TO NO. op POINTS
. MPTS = INT(FLOAT(MPTS)/DF) :

REALNY .= NY

L2NY = ALOG(REALNY)/RLNZ

WRITE (6, 37)NX NX12, DT MPTS NY,IWL, IC IWT ISM FSWID,
: & DF,L2NY
37 _ FORMAT(5X,215,F5.1, 615 F5. 1, F10 7, 15)

. C CALL LSR4F(X1 X2,X3,X4,Y1,Y2, 23 v4 RAT DIF,NX, NX12
C & NY, MPTS x11 Y11) co
CALL LSR4F(X1 X2, x3 x4 Y1,72,¥Y3, Y4 RAT DIF,NX, Nx12
C & DERER NY, MPTS) o
STOP :

END
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SUBROUTINE LSR4F(X1 X2, x3 X4,Y1,Y2, Y3 Y4, RAT DIF,
& NX, Nx12 NY MPTS)

SUBROUTINE BY DAVE GANLEY OCT 24, 1977.
‘ ' “
CHANGES MADE BY NICK KEEHN (1986) .
FOR CHANGES MADE TO THIS PROGRAM FROM GANLEYS VERSION
SCAN THIS FILE FOR "CHANGE""

HANGE: INCLUDE X11 AND Y11 (THE STACKED SPECTRA’

. SUBROUTINE LSR4F(X1,X2,X3,X4,Y1,Y2,Y3,Y4,RAT,DIF, .
& . NX, NXIZ NY MPTS x11 211)

THIS SUBROUTINE WILL CALCULATE 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 CORRECTED BY DIVIDING BY THE RATIO
(SUBTRACTING THE PHASE DIFFERENCE) OF 2 OTHER TRACES ON
A SECOND INPUT TAPE. DIFFERENT TIME WINDOWS CAN BE USED

'FOR EACH TRACE, THE RESULTS ARE OUTPUT IN GRAPHICAL FORM

ON THE LINE PRINTER AND INTO A SEQUENTIAL FILE ON LOGICAL
UNIT 3.‘ . . R

A FAST FOURIER TRANSFORM IS USED TO CALCULATE THE SPECTRA
THE DATA CAN. BE WEIGHTED WITH A COSINE TAPER AT THE ENDS

AND THE SPECTRA CAN- BE SMOOTHED. THIS SMOOTHING CAN BE

APPLIED TO E COMPLEX FOURIER COEFFICIENTS OR TO THE

‘AMPLITUDE‘A PHASE

i INPUTS ARE'

CHANGE X3,X4 = ARRAYS OF LENGTH NX

X1,X2 = ARRAYS OF LENGTH NX12
¥Y1,Y2 = ARRAYS OF LENGTH NY ’

NX = NUMBER OF DATA POINTS IN A BLOCK ON TAPE : IR
NY = NUMBER OF POINTS TO USE IN FFT AND . MUST BE ) S
. - POWER OF 2 W
MPTS = DO THE" CALCULATION FOR THE FIRST MPTS

. FREQUENCY VALUES : ‘ ,

OUTPUTS ARE: ' ‘ o
. . RAT = NATURAL LOG OF SPECTRAL RATIO (LENGTH IS. MPTS)
DIF = PHASE DIFFERENCE (LENGTH IS MPTS) : ,
SUBROUTINES CALLED" o
“FFTR2 ' R e
| =2 AMRJDFT - Sl e e B
+ 3, AMPPHZ" E S SR BREINEE
RN T3 swznno .
6. TAPER

HANGE 7;~RUNAVE'" o

PP

DIMENSION X1(NX12),X2(NX12),X3(NX), X4 (NX)
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CHANGE: THE NEXT LINE IS USED WHEN STACKING SPECTRA
C ,DIMENSION X11(NX12),Y11(NY)
‘ " DIMENSION Y1(NY), Y2(NY) Y3(NY), Y4(NY)
C DIMENSION RAT(MPTS) DIF(MPTS) ‘
CHANGE: INCLUDE THE FOLLOWING ‘DIMENSION STATEMENT
‘ DIMENSION RATIO(ZOO)

DATA IBLOCK/l/ ' ' '
COMMON /LSRCOM/ L2NY, DT DF IWL IC IWT ISM FSWID
C++++
'L2NY = SUCH THAT NY=2:*L2NY
DT = SAMPLE INTERVAL IN MILLISECONDS (SAME FOR BOTH TAPES)
DF = SPACING BETWEEN FREQUENCY VALUES IN HERTZ. ‘
IWL = TIME WINDOW LENGTH IN SAMPLES (SAME FOR ALL WINDOWS).
IC = 1 CALCULATE LOG OF SPECTRAL RATIO ‘& PHASE DIFFERENCE
= 2 CALCULATE LOG OF SPECTRAL RATIO ONLY ‘
= 3 CALCULATE PHASE DIFFERENCE ONLY . . ‘
IWT = NUMBER OF POINTS AT EACH END OF DATA TO WEIGHT WITH
.COSINE TAPER
ISM = 1 MEANS NOT SMOOTH SPECTRAL ESTIMATE ,
= 2 MEANS SMOOTH AMPLITUDE AND PHASE SPECTRA
= 3 MEANS TO. SMOOTH COMPLEX FOURIER COEFFICIENTS
FSWID = WIDTH OP WINDOW TO USE FOR SMOOTHING (IN HERTZ)
C++++ C
'CHANGE NEW CONSTANTS REQUIRED FOR WRITING
C . our SMOOTHED AMPLITUDES AND PHASES

OCDCIOCDFIO(DC)OCDFJO

- NYD2P1 = NY/2+1 | : o
NYD2P2 = NY/2+2 . T

IWLP1=IWL+1.
MY=NY/2 _ o S
MYP1=MY+1 v . Co
MYP2=MY+2 L w
- MYMi=MY-1 . .
MPTS 1=MPTS- 1 L
JIRL=0. o
- IR1L=0 : “'//
. IR2L=0
JRL=0 : D
JRI1L=0 = e
, JR2L=0 g '
10 'READ (5,1 END=99) IR1 1w51 IR2 stz JR1 JWSI
- JJR2, stz DELT 1P1,1P2,JP1; JP2 N
_ 1 FORMAT (5x 815 FS.0, 411) =
C*#** ‘ ) St
IR1 = NUMBER OF THE BLOCK ON TAPE 1 CONTAINING TRACE
IWS1 = WINDOW START FOR TRACE 1 IN.MILLISECONDS:

IR2, IWSZ, 1P2 = SAME 'AS ABOVE FOR TRACE 2. (ON TAPE 1)
JR1 .= NUMBER OF THE BLOCK ON TAPE 2 CONTAINING TRACE 3
JWS1 = WINDOW START FOR TRACE 3 IN: MILLISECONDS

“hnononno

JR2, JWS2, JPZ ‘= SAME AS ABOVE FOR TRACE 4 (ON TAPE 2)

-IP1 = 1 MEANS TO PLOT TRACE 1 'DATA WINDOW ON. LINE PRINTER‘*D‘C"

'JP1 = 1 MEANS TO .PLOT TRACE 3 DATA WINDOW ON LINE pRINTBR{;‘f[QT
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DELT = ACTUAL TIME DIFFERENCE (MSEC) BETWEEN ARRIVALS FOR
" THE TWO 'CORRECTION TRACES (3 AND 4). THIS ‘1S USEDWTO 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
INTERVAL WHEN IT SHOULD BE DELT IF DELT=0.0 THIS . .
CORRECTION 18 IGNORED ‘ - ! *

X

IR2 MUST BE GREATER THAN IR1 AND JR2 GREATER THAN JR1 .

IT IS ASSUMED THAT FOR A GIVEN IR1 OR IR2 THE SAME JRI1

OR. JR2 WILL CORRESPOND TO IT FOR ALL CALCULATIONS AND

THAT A DIFFERENT IR1 OR IR2 WILL HAVE A DIFFERENT JR1 _
OR JR2. THERE CAN BE A DIFFERENT NUMBER OF TRACES ON =~ .
TAPE 1 AND TAPTE 2 SO.THAT IR1 AND IR2 DO NOT EQUAL .
JR1 OR JR2. ,

THE RATIO IS (TRACE 2 / TRACE 1 ) = (TRACE 3 / TRACE. 1) o
THE DIFFERENCE 1S (TRACE 2 - 'TRACE -1) - (TRACE 4 = TRACE 3) .. .

IF THE SAME TRACE IS USED ON TWO CONSECUTIVE CARDS | THE |
WINDOW MUST BE THE SAME : R
L3 1 BEE
IF (IR2 LE. IR1) GO TO 92
IF (JR2 LE. JR1) GO TO 93

nnoononnnndnnnandnnn

"CALCULATE wxnnow STARTING POINTS 1,

eXgle!

Tis(IWL- 1)*DT o
WRITE(6, 2)T1, IR1 IWSI IR2 IwSs2, JR1 JWS1 JR2, JWSZ DELT .
2 FORMAT . (' IWINDOW LENGTH IS ' F7 2, MSEC', 2(/ 6X, {g),
- -~ &"TAPE 1 RECORD ', P
- W.I3,! WINDOW START IS IS,I MSEC ) 2(/ 6X,
' &'TAPE 2 RECORD 13 ' WI ‘
“.NDOW START IS ' 15 MSEC ), f.
N VAR PHASE WILL BE CORRECTED TO ACTUAL T
JIME. DIFFERENCE OF ',F7.2,
&' MSEC BETWEEN CORRECTION TRACES.')
T IWS1-IWS1/DT+1 5 o .
”BIWS2-IWSZ/DT+1 5
. JWS1=JWS1/DT+1.5 .
~ JWS22JWS2/DT+1.5

I, S " ‘ U ‘ e
D I R S A e e - -“--‘----‘--"""_--—-------—--‘--"------—----"‘---‘-C ,
aLOCATE 'AND READ | THE' FOUR 'INPUT RECORDS AND ‘
CALCULATE AMPLITUDE AND/OR PHASE SPECTRA

anaaa- -

1P (IR1.EQIIRIL) GO TO 22
~ IR (IRT.NE.IR2L) GO TO 31"

f”[;NEW TRACE B IS TRACE'Z FROM LAST CALCULATION : oy
e JNEW TRACE 3- IS THUS TRACE 4 FROM LAST CALCULATION ;

.0000 .

DO’ 21 1-1 NY
YI(I)-Yz(I)
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21 o Y3(I)=Y4(I)

CHANGE: THE FOLLOWING LINES HAVE BEEN ADDED TO SWAP
c DEPTHS AS WELL

DEPTHT =  DEPTH2

DEPTH3 = DEPTH4 -
IRIL=IRT |
IWS 1L=IWS2L
JRIL=JR1 .
st1L=st2L

READ A NEW TRACE 2'IF TRACE 1 WAS USED ON LAST .
CALCULATION ALSO READ THE NEW TRACE 4

14

noOooOon :

22 IWS1=IWSIL : \ .
© . JWS1=JWSIL L .
NSKIP=IR2-IRL-1"

: | IF (NSKIP.NE. 0) 'CALL SKIP(O0, NSKIP 1,491, &91 &91)

, ;‘CHANGE THE FOLLOWING LINE HAS BEEN REPLACED BY
B READ (1) TRSQN,DEPTH2, X2

. COMMENT READ (1) X2 .

'~ IRL=IR2 ‘

' IR2L=IR2

. IWS2L=IWS2
.J=Iw52 '

. CHANGE ' REMOVE DC BIAS: FROM THE WAVELETS (y's) .
.. C R  BEFORE. ADDING ‘THE ZEROS AND COSINE BELLING.
' SUMYZ = 0 0 \ ‘

“ DO 24 1=1 IWL
Y2(I)=X2(J) ‘
‘ ~ SUMY2 = SUMY2 + ¥2(1) . . . N o
24 J=J+1 : ST R
AVEY2 = SUMYZ/FLOAT(IWL) o . ) :
-DO-1024 I=1,IWL . ‘
E 12(1) - Y2(I) --AVEyz;
1024 CONTINUE . oo
= NSKIP=JR2 JRL 1, L o
- IF (NSKIP NE.O) CALL sxrp(o NSKIP 2 &91 &91 &91)

CHANGE: THE FOLLOWING LINE HAS' BEEN' REPLACED BY,
.. READ (2) TRSQN,DEPTH4, X4 . . -
-~ COMMENT = = . IF (DEPTH4 . NE. DEPTHZ) STOP 11
| COMMENT ' READ. (2) X¢ ‘ |
. JRL=JR2.- S
CJR2L=JR2 e
CJWS2L=JWS2 .. s oo
» J=gws2 . "sj;;q,;G‘n L tvhf‘ L
CHANGE ' REMOVE DC-BIAS FROM THE WAVELETS (Y° s)

Lc . BEFORE ADDING THE. ZEROS AND COSINE-BELLING. o
B suuy4 = 0.0 L : \ =



¢ "WRITE (14) ;TRSQN,DEPTH4,‘(Y4(1);1=1{NY)‘

000

DO 25 I=1,IWL . o
Y4(1)=24(J) A
SUMY4 = SUMY4 + Y4(I) S Coe

25  J=J+1 - S
AVEY4 = SUMY4/FLOAT(IWL) : ol

o Y4(I) = Y4(I) - AVEY4
1025 CONTINUE

1P (IWL.EQ.NY) GO TO 27 | * R

DO 26 I=IWLP1,NY , S :
. Y2(I)=0.0 .
26 Y4(1)=0.0

., &

C.  CALCULATE SPECTRA FOR NEW TRACES 2 AND 4 ]
c . C o EERE

27 IF (IWT.EQ.0) GO TO 28
. CALL TAPER(¥2,IWL,IWT)
CALL TAPER(Y4,IWL,IWT) : ‘
CHANGE: WRITE OUT THE RESULTING PULSE AND THE ZEROS
C  WRITE (14) . TRSQN,DEPTH2, .(Y2(I),I=1,NY)

Ty

28 CALL FPFTR2(L2NY,Y2,Y4)
" GO TO (29,29),1sM
CALL DANIEL(YZ NY,FSWID,DT)
. CALL DANIEL(Y4,NY,FSWID,DT)
29 CALL AMPPHZ(LZNY Y2,IC, pncz PFN2)
' CALL AMPPHZ(L2NY,Y4,1C,PDC4, PFN4)
GO 'TO (60,30, .60), ISM .

' 30 CALL UNWRAP(Y2(MYP2),MYM1)

 CALL UNWRAP(Y4(MYP3),MYM1)
CALL- DANIEL(Y2,NY,FSWID,DT) .

- CALL DANIEL(Y4 NY,FSWID, pT). e |
GO TO .60 - L

31 IF (IRZ.EQ.IRSL) GO 0 50"
.. NSKIP=IR1-IRL-1 . o
\ IF (NSKIP NE. 0) CALL SKIP(O NSKIP 1,891, &91 &91)

JrCHANGE- THE. FOLLOWING LINE HAS BEEN REPLACED BY,

READ (1) TRSQN1, DbPTH1 x1

i‘COMﬁENT - READ (1) X1

"IRL=IR1.
"IR1L=IRY .
1ws1n-1ws1‘i

- J=INS1

1 ”‘:iCHANGE 3 REMOVE DC-BIAS FROM THE WAVELETS (1" s)

"' C,~ ‘ 'BEFORE, ADDING THE ZEROS AND COSINE BELLING

SUMYT = 0 0

: NEW TRACES 1. AND 2 (AND THUS 3 AND 4) .ARE TO BE READ ) e
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SRR |“‘ ‘,.'|‘”\‘ NRE S By ! \, i “‘ll’ A : ‘ .
IR ‘*gi "“H‘VW‘g SR
‘ o : " L iy

;w'_,ﬂffffff‘ 97 DO 33 I=1, IwL w i@i¢: . e
S K)o o

e AR ) SUMYTi = SUMY1 4+ 21(1) SN
oo 033 g J+1a AR iy

4,“‘uﬂg_ﬂfw, AVE:T SUM!I/FLOAT(IWL) N :
TRSRRREN nx) DO 1033 I=1,IWL. : S ’
a ."«‘“ 5 Y1(I) 9\11(2) L oaveyi, -
1033 CONTINUE - L ",w'mg.\ i
i \{ U S T SRR PP .
C 3#3***##*#***t##3#*START##***TEST##t##t#t#####tttttt##t#
wC THIS READS IN ANOTHER TRACE TO ‘BE AHPL 'SPECT. STACKED
- C WITH Y1, TO”IMPLEMENT SCAN LSR4F AND LSR4F CALL FOR
'C Y11 AND 811, NI S 1 T
CALL sxrp(o 1, 1 &91 &91 &91) TN '

-

READ (1) TRSQ11 DE?T11 x:;.‘vw- ':”f;}'

,3.293 R ;n‘,m;%%1j" ‘f Lo
REMOVE DC- BIAS. gROM 'THE WAVELETS (y' S) -
BBFokE ADDTNG THE - zéhos AND COSINE BELLING._

SUMYv1- 0.0 o |

. . N
- \x ot e,\ Coa
¥ ’

SO
- G)
5

| ."gﬁi“' DO 133 1a1] IwL ﬁ N
| | x11(11-x11(J) | |
o @t SUMYNT . suﬁY11 + Y11(I) ; !

133 . Jag+r ‘\‘ Ly
' AVEY11 = SUMY11/FLOAT(IWL) ‘ (RN
o Do 1133 T=1,IWL " .
e YH(U aYH}U‘-AWﬂ1L,‘,*‘
1133 CONTINUE ,gi‘ L .‘($” C

! " RN ' It
. , S ,

‘fdhdhmﬁohhndgobqnhnh

ST S ’ksxzpaaal JRL*1~ﬁ ,‘lf' St E
53;g,fn‘q3; ,,IF (NSKIP.NE.0) CALL sxxp(o NSKIP 2, &91 a91 &917

~;ca ﬁ rHE EOLLOWING LINE HAS BEEN REPLACED BY,

e READ (2).TRSQN3, DEPTH3, 'X3 N
COMMENT %} 1F - (DEPTH3. NE DEPTHl) STOP 22 . ,g'j W
COMMENT READ (2) x3 S A e

e JRLiJRT RO T Y e L

+ JR1L=JR1

i st1L-st1

| &aaws1

%

" cHANGE..,REMOVB DC-BIAS FROM THE WAVELETS (Y s)
SRR o TR ;; BEFORE ABDING THE ZEROS AND CQSINE—BELLING.,

EAC T . . ER
- L ;_‘. \

’  D0735 121 1WL P
4-.y3m-x3(a) ST e
y - suMY3 = suuys + !3(r) REET

****#**#**##**##****END****#******#**#**#*****#*#***##*#*t e



PO o ‘ . SY
35 J=J+1 . ¥ o o
~ AVEY3 = SUMY3/FLOAT(IWL)
DO 1035 I=1,IWL
- Y3(1), = Y3(1) - AVEY3 o
1035 CONTINUE = , } “‘» '

NSKIP=IR2- IRL-1 - S IR

'IF. (NSKIP.NE.0) *CALL sxxp(o NSKIP 1, &91 &91, &91) o
'CHANGE: THE FOLLOWING LINE HAS BEEN REPLACED BY B

READ (1) .TRSQN2, DEPTH2, X2 ‘ ) ‘_”}~QIV'u5 L
COMMENT  READ (1) X2- , S 'wu;w‘]hg‘ RRERRIREN

153 -

IRL=IR2 SR N

IR2L=IR2 ', . = . K
. IWS2L=IWS2 DS SR
© J=IWS2 . - . L SEE
CHANGE : REMOVE DC-BIAS FROM THE WAVELETS (¥'S) .. -.
C ..~ BEFORE ADDING THE ‘ZEROS AND COSINE- BELLING‘
 suMY2 = 0.0 - C s
" Do '37 I=1; iﬂL P ' S
Y2(I)-X2(J) It I L e
: ‘ SUMY2 = sunvz “+.Y2(1) “ L. . e
A 37" J=J+1 S - :
AVEYZ = SUMYZ/FLOAT(IWL) '
DO 1037 I=1,IWL’
. Y2(1) = 22(1) - szyz
. 1037 CONTINUE .- = '«

NSKIP-JRZ JRL 1 , ‘ ' '
IF. (NSKIP.NE.O0) CALL: SKIP(O NSKIP 2, &91 &91 &91) -
CHANGE: THE FOLLOWING LINE HAS' BEEN REPLACED BY IR
- « 'READ (2) TRSQN4,DEPTH4, X4 - IR
“  COMMENT IF (DEPTH4 NE. DEPTHF) STop~33 B ‘
. COMMENT =~ READ (2) x4 f} | o | o
' JRL=JR2 R S ‘/ AN o e
N JazL-an IR UL SR U PR
b ,waszn-stz N R R S n .
o JIJWSZ o ‘ cot o “‘ . _ '. w0 s ’” - .'

CHANGE : REMOVE DC-BIAS FROM ‘THE WAVELETS (Y s)
'C .. . BEFORE ADDING. THE ZEROS. AND COSINE BELLING
‘ SUMY4 = 0.0 ,
DO 39 I=1, INL S T
y4(£)-x4(J)-—4 ' T S
© L0 . SUMY4 = SUMY4 -+ Y4(I) : » SRR O
.39 JmJg+rl R
- C AVEY4 = SUMY4/,FLOAT(IWL), \ LT
S T DO 1039 I=1,IWL A
o Y1) = Y4(I)n- AVEY4°-.,‘
1039 CONTINUE < ; RIS

- IF (IWL EQ NY) GO TO 45 AN



[ }
' 7. DO 41 I=PWLP1,NY
S A1) =0.0
HANGE - o
v I1(I)=0.0
b ¥ \'YZ'ztI ;‘0.0
© .. X3(I1)=0.0
*fo4ﬂﬂf~;_YM(I)so.o | \\

CALCULATE SPECTRA FOR 4 NEW TRACES

\

‘4‘ V(IWT EQ.0) GO TO 47
. TAPER(Y1, FWL, IWT)

g CHANGE.P‘\.‘ o ;
SR o CALL\TAPER(Y11 IWL, IWT) oo .

s

. CALL TAPER(Y2, IWL, IWT) | '
'CALL TAPER(Y3, IWL,IWT) K : -

.. ', 'CALL TAPER(Y4,IWL,IWT) |
CHANGE WRITE ouT THE ESULTING PULSE AND THE zznos

‘‘‘‘‘‘

i ‘~c _ WRITE (14) TRSQN1,DEPTH1, (Y1(I),I=1,NY).
\'cc WRITE (14) TRSQ11,DEPT11, (Y11(I),I=1,NY)
” ‘f ~c~ WRITE (14) TRSQN2, DEPTHZ , 5(¥2(1) I=1/NY)
5 Co ? WRPTE \(14)  TRSQN3,DEPTH3, (Ys&g) I= 1JNY)
.C ‘ WRITE\(14)‘ TRSQN4 DEPTH4 (v4(1),1=1,NY)

47 CALLmFFTRZ(LZNY 1,Y2)"

- . ' CALL FﬁTRZ(LGy Y3,74)

' CHANGE:' ., __—_ ‘

O R CALL’ FFTRJ(LZNY Y11) a f \

;;‘ Go«To (48 48).,ISM
“CALL- DANIEL(YIJNY ,FSWID, DT)
CHA GE: .-
‘ CALLcDANIEL(Y11 NY FSWID,DT)
‘;“;x-‘.t CALL DANIEL(Y2, NY,FSWID, DT) ‘ .
ST vCALLWDANIEL(Y3‘NY FSWID,DT) = I —
' .CALL DANIEL(¥4,NY,FSWID,DT). . . -
LT 48 CALLﬁAMPPHz(LZNY Y1 1C,PDC1, PFN1)
SR CHANGE. c :
o e CALL;AMPPHZ(LZNY Y11 1¢,PDC11, PFN11)
e cALL AMPPHZ(L2NY, Y2, 1c pncz PFN2)
VT -f»;] CALL‘AMPPHZ(LZNY ¥3,1C,PDC3,PFN3)
- CABB—AMPPHZ(LZNT 4,1C, PDC4 PFN4) ,
CHANGE°- STACK THE' AMPLITUDE - SPECTRA OF 21 AND Y11"
C*' . WRITE{22,6754)<(Y¥1(I),I=1,MPTS)

A o} WRITE(ZZ 6754) (YII(I) 1=1 MPTS)7‘ S
n,;,cs754‘jonnAT (12F5.1) - . _ T
e - DO: 4246 1=1,MPTS - - .
~C Y1(E) e 21(1) + 21161) | e

"“'C4246 CONTINUE
_,CCCC THE STACKED ‘SPECTRUM IS NOW IN Y1

‘fﬁtc‘ WRITE(22,6754) (¥1(1),1=1,MPTS)

154
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t o .
. I

) GO TO (60,49,60),1ISM
49 CALL UNWRAP(Y1(MYP2),6M{M1)
.. CHANGE:
: C CALL UNWRAP(Y11(MYP2),6,MYM1)
- CALL UNWRAP(Y2(MYP2), MYM1)
CALL UNWRAP(Y3(MYP2),6 MYM1) .
CALL UNWRAP(Y4 (MYP2),MYM1)
CALL DANIEL(Y!,NY,FSWID,DT)
CHANGE .
C CALL DANIEL(Y11,NY,FSWID,DT)
. CALL DANIEL(Y2,NY,FSWID,DT)
CALL DANTEL(Y3,NY,FSWID,DT)
CALL DANIEL(Y4,NY, F WID DT)
GO TO 60 .

[ 2]

C o
C READ A NEW TRACE 1 IF TRACE 2 WAS USED ON LAST CALCULATION
C ALSO_READ THE NEW TRACE 3
C
50 IWS2«IWS2L "
NSKIP=IR1-IRL-1 : .
. IF . (NSKIP.NE.O) CALL SKIP(O,NSKIP,1,&91,&91,891)
'CHANGE: ‘THE FOLLOWING LINE HAS BEEN REPLACED BY
‘ READ (1) TRSQN,DEPTH1, X1
‘COMMENT READ (1) X1
IRL=IR1
IRIL=IR1 o
IWS1L=IWS1 N
J=IWS1 ' .

"'CHANGE : REMOVE DC-BIAS FROM ‘THE WAVELETS (Y'S)

c BEFORE ADDING THE ZEROS-ANP COSINB-BELLING.
SUMYI = 0,0 , . . I
DO 52 1-1'1wL’,- .

YD) =X1(J) o~ . o
| SUMY1 = SUMY! + Y1(I), :
52 Jed+1
AVEY!1 = SUMY1/FLOAT(IWL)
: DO 1052 I=1,IWL ’ _
. ©Y1(I) = Y1(I) - AVEY1 .
1052 . CONTIN ,
e.-h . -
_NSK1P=JR1-JRL- 1
" IF (NSKIP.NEZ0) CALL SKIP(0,NSKiP,2,&91,891,8&91)"  +
'CHANGE: THE FOLLOWING LINE HAS BEEN REPLACED BY,
READ (2) TRSQN,DEPTH3, X3 '

* COMMENT . IF (DEPTH3.NE.DEPTH1) STOP 44 . .

COMMENT DEPTH!1 AND DEPTH2 DO NOT ALWAYS EZXIST
COMMENT READ (2) X3
JRL=JR1
) JR1L=JR1 .
* JWS1L=JWS 1’
J=JWS1



’

CHANGE : REMOVE DC-BIAS FROM THE WAVELETS (Y'S)

C

54

. 1054

OO0

C

55

5%

BEFORE ADDING THE ZEROS AND COSINE-BELLING.
SUMY3 = 0.0

DO 54 1=1,IWL

Y3(I)=X3(J)

SUMY3 = SUMY3 + Y3(I)
. J=J+1
AVEY3 = SUMY3/FLOAT(IWL)
DO 1054 I=1,IWL

Y3(I) = ¥3(I) -~ AVEY3

CONTINUE

IF (IWL.EQ.NY) GO TO 56 o
DO 55 I=IWLP1,NY |
Y1(1)=0.0
Y3(1)=0.0

CALCULATE SPECTRA OF NEW TRACES 1 AND 3

IF (IWT.EQ.0) GO TO 57

156 -

CALL TAPER(Y1,IWL,IWT) : , 2

CHANGE: LINE 298 (SR4F2980) IS IN ERROR! IT HAS BEEN)

REPLACED WITH:
CALL TAPER(Y3,IWL,IWT) -

COMMENT . CALL TAPER(Y2,IWL,IWT) L h

C
C

‘57

C CALCULATE;NATURAL LOGARFTHM OF RATIO OF AMPLITUDE SPECTRA
¢ C .

58

CHANGE: WRITE OUT THE RESULTING PULSE AND THE ZEROS \\

WRITE (14) TRSQN,DEPTH1, (Y1(I),I=1,NY)
WRITE (14) TRSQN,DEPTH3, (v3(1),1=1,NY)

CALL FFTR2(L2NY,Y1,Y3)

GO TO (58,58),ISM .

CALL DANIEL(Y1 NY,FSWID,DT)

CALL DANIEL(Y3,NY,FSWID,DT)-

CALL AMPPHZ(L2NY'Y1 I1C, PDC1 PFN1)
CALL PHZ(L2NY,¥3,IC,PDC3, PFN3)
GO Toa 60,59,60), ISM

CALL UNWRAP(Y1(MYP2) MYM1)

CALL UNWRAP(Y3(MYP2),MYM1)

CALL DANIEL(Y1,NY, FSWID DT)

CALL DANIEL(Y3,NY, FSWID DT)

CHANGELJNRLIB OUT THE RESULTING SMOOTHED

C

60

.AMPLITUDES AND PHASES ' (PHASES ARE QUESTIONABLE)

. CONTINUE
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C WRITE (16) (Y1(I),I=1 NYDZPl)
C WRITE (17) (Y1(I),I -NYD2P2 NY)"
C WRITE (16) (Y2(1),I -1;NYD291) ‘
Cc WRITE (17) (Y2(1),I=NYD2P2,NY)
C WRITE (16) (¥3(I),I=1 NYDZPI)
C WRITE (17) (¥3(1),1 I =NYD2P2 ,NY) ,
C WRITE (16) (Y4(I),I-1,NYDZP1)
C WRITE (17) (Y4(I),I=NYD2P2,NY)
COMMENT 60 GO TO (61,61,65),1IC -
GO TO (61, 61 65),1C :
61 RMIN=0.0 -
CHANGE ;
DO 62 I=1,MPTS :
C THIS IS A PROVISION WHEREBY GANLEY CORRECTION
C MAY NOT BE IMPLEMENTED... :
RATIO(I) = Y2(I)/Y1(I):Y3(I)/Y4(I)

- C

62

RATIO(I) = Y2(I)/Y1(1I)
CONTINUE

C SMOOTH THE RATIO WITH A 9 POINT RUNNING AVERAGE

CALL RUNAVE(RATIO,MPTS, 9) ‘ "

C RATIO(I) NOW CONTAINS THE SMOOTHED RATIOS

DO 63 I=1,MPTS

" CHANGE : RAT(I)-ALOG(YZ(I)/YI(I)*YB(I)/Y4(I))

sXeXe!

63
64

65

66

67
68

69

RAT(I)=ALOG(RATIO(I))

IF (RAT(I). L‘I‘ RMIN) RMIN=RAT(I)
CONTINUE

DO 64 I=1,MPTS

RA’I‘(I)-RAT(I) RMIN + 0.5

CALCULATE PHASE DIFFERENCE

GO TO (65,70),IC
DO 66 1=2,MPTS
J=I+MY )
- DIF(I)=aY2(J)-Y1(J)+Y3(J)-Y4(J)
DIF(1)=PDC2-PDC 1+PDC3-PDC4

-IF (MPTS.EQ.MYP1) DIF(MPTS)=PFN2-PFN1+PFN3- PFN4 "

PFACT= ( (JWS2-JWS 1) *DT-DELT) #0 . 36 $DF

IF (DELT.EQ.0.0) PFACT=0.0

IF (PFACT.EQ.0.0) GO TO 68
DO 67 I=2,MPTS
PCOR=PFACT#* (I-1)
DIF(I)=DIF(I)+PCOR

IF (ISM.EQ.2) GO TO 70
DO 69 I=1,MPTS | |

. IF (DIF(I).LE.-540.0) DIF(I)tDIF(I)+720 0

IF (DIF(1).GT.540.0) DIF(I)=DIF(I)-720.0
IF (DIF(I).LE.-180.0) DIF(I)=DIF(I)+360.0
IF (DIF(I).GT.180.0) DIF(I)-DIF(I) 360.0
CONTINUE -



C , :

C PLOT INPUT TRACES IF REQUESTED AND

C PLOT RATIOS AND/OR DIFFERENCES

C OUTPUT RATIOS AND DIFFERENCES TO LOGICAL UNIT 3
C

3 FORMAT ('1PLOT OF BLOCK ',15,' TAPE 1')

4 FORMAT ('1PLOT OF BLOCK ',IS5,' TAPE 2')

S FORMAT ('1CORRECTED RATIO/DIFFERENCE OF BLOCK ',13,
.' TO BLOCK ',I3,' IS BLOCK ',I13,' ON TAPE')

,70 IF (IP1.NE.1) GO TO 72
WRITE (6,3) IR1
T1=(IWS1-1)*DT
C CALL GRAF(T1,DT, x1(1ws1) IWL,3)
<+ 72 1F (IP2,NE. l),GO TO 74
WRITE (6 3) IR2.
T1=(IWS2-1)*DT -
C CALL GRAF(T1,DT, x2(1ws2) IWL, 3)

78 IF . (JP1.NE.1) GO.TO 76
WRITE (6,4) JR1 . O
© T1=(JWS1-1)+DT | ‘
C . CALL GRAF(T1,DT,X3(JWS1),IWL,3)

76 IF (JP2.NE.1) GO TO 80
WRITE (6,4) JR2
T1=(JWS2-1)*DT
(o CALL GRAF(T1,DT,X4(JWS2),IWL,3)
80 GO TO (81,81, 83) IC
81 WRITE (6, 5) IR2 IR1 IBLOCK °
CHANGE: THE FOLLOWING WRITE STATEMENT IS REPLACED BY:
WRITE (3) DEPTH1,DEPTH2, : -

" COMMENT WRITE (3) RAT
. IBLOCK=IBLOCK+1
C CALL GRAF(0.0,DF,RAT,MPTS, 1)

83 GO TO (85,10,85),1C
85 WRITE 16,5) IR2,IR1,1BLOCK | ,
CHANGE: THE FOLLOWING WRITE STATEMENT IS REPLACED BY:
WRITE (3) DEPTH3,DEPTH4, DIF

COMMENT WRITE (3) DIF
IBLOCR=IBLOCK+1
(of CALL GRAF(0.0,DF,DIF,MPTS, 2)
© GO.TO 10
c ,
C-=——==--rm=m-e- et i Dbl et b C
o ERROR' MESSAGES
C N
91 WRITE (6,96). ) o :
RETURN s Ve X
92 WRITE (6,97) IRI, IR2 -
.. RETURN P
93 WRITE (6,98) JR1 an‘
'RETURN

96 FORMAT ('-BAD RETURN FROM SKIP IN LSRZF ) ' ‘
97 FORMAT ('-IR2 MUST BE GREATER THAN IR1 ',15,5%,15)
98 FORMAT ('=-JR2 MUST BE GREATER THAN JR1 ',15,58,15)
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PROGRAM LSRANP'

PROGRAM BY DAVE GANLEY NOVEMBER 14, 1977.
CHANGES MADE BY NICK KEEHN (1986) C ‘
SCAN THIS FILE FOR "CHANGE" TO FIND ALL CHANGES MADE
TO THE ORIGINAL GANLEY PROGRAM. - -
THIS PROGRAM WILL DO A LEAST-SQUARES FIT OF 'A STRAIGHT
LINE TO DATA WHICH HAS BEEN OUTPUT BY MY SPECTRAL RATIO
_PROGRAM FOR THE PURPOSE OF ESTIMATING Q. IT CAN ALSO
OUTPUT DISPERSION CURVE CORRESPONDING TO THE PHASE
DIFFERENCE WHICH WAS OUTPUT BY THE SPECTRAL RATIO PROGRAM
AND PRODUCE ‘LINE PRINTER GRAPHS AND CALCOMP PLOTS.
: . 1
SUBROUTINES CALLED° A
1. SLOPE-- - o Co
2. GRAF
3. UNWRAP

4, 'CALCOMP PLOTTER ROUTINES

NONONNNOONOND ONNONNNO -

© DIMENSION X(257),Y(260),C(103),F(103)
CHANGE: BQPROF AND JUNK1 ARE NEW VARIABLES
' INTEGER BQPROF
"* REAL INTVEL, NINES
' ' DATA PI1/3.141593/,1BL/0/
CHANGE: TO ALLOW FOR Q TO BE CALCULATED THE FOLLOWING
' 1S INCLUDED
_HOLDD = 0.0
IORGIN = 0

CHANGE READ (5,1) N,DF,FN,ICALC
READ(7,37) OT,N,DF = .
37 _FORMAT (15%X,F5.0,15,30%,F10.0)
. READ(5,38) ICALC,BQPROF
38 FORMAT ¢25X,15, IS)
IF (BQPROF.NE. 0) WRITE (11,092)
192 FORMAT (' THICKNESS Q—VALUE )

FN = 1000 /(2 O*DT)

COMMENT  WRITE(2,36) DT,N,DF,ICALC
COMMENT 36 FORMAT (F5.1, 15, F10 8,15) '

Csxex ’ ‘ ‘
CHANGE: BQPROF = 0 =>NO BLOCR Q PROFILE IS GENERATED
-~ = 1.:=>GENERATES A BLOCKED Q- PROFILE

AQ PROFILE CAN 'BE GENERATED ONLY IF ANALYSED DEPTH
.INTERVALS DO NOT OVERLAP AND ARE. IN ORDER DOWN . THE
HOLE WITH THE ‘MOST SHALLOW INTERVAL FIRST.

‘ IF AN. INTERVENING INTERVAL 1S ‘MISSING THEN ZEROS
'ARE INSERTED AND ARE PLOTTED AS SUCH.\ oo _,l'ﬁ

e ¥e Y X Xz Xe X2 X2

N = NUMBER OF POINTS IN A RECORD ON TAPE (LOGICAL UNIT 1)"

P
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C N CANNOT EXCEED 257
€ DF = FREQUENCY INTERVAL (HZ) BETWEEN .INPUT POINTS
o - FN = NYQUIST FREQUENCY .FOR THIS DATA
- C ICALC = 1 MEANS THAT CALCOMP PLOTS ARE TO BE MADE
C .

"1 FORMAT (5X,15,F10.0,F5.0,15)
IF (N.GT.257) GO TO 91

L DO 9 I=1,N
9 X(I)=(I-1)%*DF
IF (ICALC NE.1) GO TO 10
© CALL. PLOTS : .
. . CALL PLOT(-15.0,2.0, 3) ' - L
. CHANGE: READ IN ISAHZ AND ILAHZ
10 READ (5,2,END=99) IB,ISAHZ,ILAHZ,IQPC,ISP,ILP,
& . C DELZ, DELT FZERO PSTAT ICPC ICPL, IQPL
ISA = INT(FLOAT(ISAHZ)/DF) .
ILA = INT(FLOAT(ILAHZ)/DF)

C 10 READ (5,2,END=99) IB,ISA,ILA, 1QPC,1SP, ILP,DELZ,DELT
¢ .FZERO, PSTAT, IC, PC, ICPL, IQPL.
Csess
"IB = NUMBER OF BLOCK CONTAINING LOG SPECTRAL RATIO DATA
THIS REFERS TO LOGICAL UNIT 1 .
ISA = FIRST POINT TO USE IN ANALYSIS OF AMPLITUDE DATA'
* (CLOSEST POINT TO. THE. DESIRED FREQUENCY OF ISAHZ)
ILA = LAST POINT TO USE IN ANALYSIS OF AMPLITUDE DATA
' (CLOSEST POINT TO THE DIS}RED FREQUENCY OF ILAHZ)
ISAHZ = STARTING FREQUENCY OF ANALYSIS (IN HZ) .
ILAHZ = LAST FREQUENCY OF ANALYSIS (HZ) .
'IQPC = 1 MEANS PLOT AMPLITUDE DATA AND' REGRESSION LINE
. ON CALCOMP
iSP = FIRST POINT TO USE IN ANALYSIS OF PHASE DATA
. 0 OR BLANK MEANS DO NOT 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 ON LOGICAL UNIT 1.
ILP = LAST POINT. TO USE IN ANALYSIS OF PHASE DATA

DELT = TIME DIFFERENCE BETWEEN WINDOWS FOR THIS PHASE
. DIFERENCE =~

; - .THIS 1S USED IN" PLOTTING THE DISPERSION CURVE.

PSTAT = REMOVE A PHASE OF’ PSTAT*FREQUENCY DEGREES FROM

: ' THE PHASE CURVE BEFORE ANALYSIS. o

ICPC = 1 MEANS TO PLOT DISPERSION DATA' AND THEORETICAL

L DISPERSION 'CURVE ON’ CALCQMP PLOTTER. -

ICPL = 1 MEANS TO. PLOT: ‘DISPERSION CURVE -ON-LINE PRINTER:

IQPL = ; 'MEANS TO PLOT Q VERSUS FREQUENCY CURVE ON LINE
; RINTER -

iIORGIN = ' DUMMY- COUNTERL THE ORIGIN‘OF THE NEXT PLOT 15

AR DETERMINED BY THIS VARIABLE '

-

1

~ondddnnhhnoodhnnnnnnqnnnhnnhnnnn

‘'DELZ = DISTANCE BETWEEN' 'RECEIVERS FOR THIS PHASE DIFERENCE

FZERO =. LOWEST. EREQUENCY AT WHICH PHASE CURVE CROSSES ZEROw
. AT.THIS FREQUENCY THE PHASE 'VELOCITY. IS DELZ/DELT..
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. C XORGIN = X ORIGIN OF THE PLOT OF THE LOG OF ANbﬁ-RATIO
- C YORGIN = Y ORIGIN OF THE PLOT OF THE LOG OF AMPL RATIO

c
C DEPAVE = AVERAGE DEPTH ‘OR MIDDEPTH OF DEPTH1 AND DEPTH2.
c THE DEPTH AT WHICH THE Q VALUE IS APPLIED :
Cxxss ‘ ‘ B
' ‘2 FORMAT (SX, 615 4F5.0,315)
IF (1ISA.EQ.0) 15A=1
IF (ILA.EQ.0) ILA=N
IF (ISA.GE.ILA) GO TO 93
‘ IF (FZERO.EQ. o 0) EZEROsEN .
Cc ) : AN
C CALCULATE SLOPE~OF LOG SPECTRAL RATIO PLOT.
C 1

NSKIP=IB- IBL 1
IF (NSKIP.NE.O) CALL SKIP(O NSKIP 1, &95 £95,895)

. CHANGE: THE FOLLOWING READ STATEMENT IS REPLACED BY

. READ (1) DEPTH1,DEPTH2, (¥(I),I=1,N)
COMMENT READ (1) (¥(I), I= 1,8)
'IBL=IB |
MA=ILA-ISA+1
CALL SLOPE(X(ISA),Y(ISA),MA,S,SD,YI, YID)

"CHANGE: THE FOLLOWING. WRITE STATEMENT IS ADDED TO GIVE A

C : DEPTH REFERENCE
- WRITE (6,24) DEPTH1,DEPTH2 . j o
24 FORMAT ('IPANARCTIC DEPTHS ' F6 1,' TO f,

& " F6.1,' METERS') :

) WRITE (6,3) IB ISA,ILA,S,SD, YI 'YID

3 FORMAT ('BLOCK ?,13, POINT 13,' TO ',13, / sx
& 'SLOPE = ',E10.4

.,Sx;',STD DEV = EIO 4,/, GX 'INTERCEPT s ! EIO 4
.5X,'STD DEV. =.' E10 4)
cn*#*su:*::*:u*nnt*ns:s:**":nn"nn::nntn:n

' CHANGE THE FOLLOWING IS INCLUDED TO CALCULATE Q

CALL INTVL(DEPTH1,DEPTH2, INTVEL)
Q = (-PI+(DEPTH2- DEPTH1))/(INTVEL*S)
DEPAVE = (DEPTH2+DEPTH1)/2.0 -
DEPSEP = DEPTH2-DEPTH1" o

IF (BQPROF EQ.0) GQTO. 194

-E:IE (HOLDD EQ DEPTH17 GOTO 193
". . THRNES = DEPTH! - HOLDD ~;-,\
ZERO = 0.0 - Vo
. WRITE (11 191) THKNES, ZERO

193 . THKNES % DEPTH2 - DEPTH1

; . WRITE (11,191) THKNES,Q = |
191 . FORMAT(SX F6. 0 F6.1, 2x F9 7, 2x 3F6 0)

194 CONTINUE o ‘ v L
SRR 'IF (BQPROF EQ 0) WRITE (11 191) DEPAVE Q, SD DEPTH1 ‘
& SO DEPTHZ DEPSEP ' :
WRITE (6 190) INTVEL Q

'19b“‘j,EORMAT ( INTERVAL VELOCITY - rs 1 /, Q VALUE = 'rf,j?-
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. . a .. v UF5,1)
. WRITE (6,195) ~ .0 . |
195 . FORMAT (' = ') T .

HOLDD ;'DEPTH2

. {
C*#t##t‘##*##t###‘##t#######*******##*8###*#t***##***#*## e

IF (IQPC NE. 1) GO 10 25
c SIS
C ' MAKE cancoup PLOT OF AMPLITUDE DATA A
c DRETEN
c

HANGE DO MY OWN PLOTTING TO GET FIXED AXES
IORGIN = IORGIN + 1. } ,
"XORGIN = 0.0 T .
'IF (IORGIN.EQ.5) IORGIN = 1. -

IF (IORGIN.EQ.1) YORGIN = 15.0
IF ' (IORGIN.EQ.1) XORGIN = 17.0-
IF (IORGIN.NE.1) K YORGIN = -5.0 .

C -~ MOVE THE ORIGIN
' CALL PLOT(XORGIN,YORGIN, -3) e o
CALL PLOT1(X,Y,1SA,ILA, DEPTH1 DEPTHZ YI,S,SD, INTVEL,"
& R « DEPAVE) ' o _ E
, 1T1=X(ISA)/10.0
IT1=10#IT1 "
IT2-X(ILA)/10.0+1.0
I1T2=1T2%10
IT3=IT2-IT1+1
T=1.0 S
“IF (IT3.GT. 101) T=2.0
IF (I73.GT.201).T=4.0-
a13'IF (IT3.GT.401) STOP: 13
IT3=IT3/T+.8 , o
» DO .15 I=1,IT3 -~ ,V'
F(I)=(I-1)sT+IT1
c(I)--(YI+F(I)*s) o
.7 IF (C(1).GT.0.0) C(1)=0.0
15 . CONTINUE ‘
F(IT3+1)=F(1)
F(IT342)=10.%T .
"FLEN= (F(IT3)- F(1))/F(IT3#2)
Y(ILA+1)=-C(1) =
CALL SCALE(Y(ISA), 7. 0, MA+1 1)
C(IT3+1)--Y(ILA+2) 7. 0*Y(ILA+3)
C(IT3+2)=Y(ILA+3) I
' CALL AXIS2(p.0,0.0,' LN- OF AMPLITUDE' -16‘7 0,
0.0, C(IT3+1)7-C(IT3+2) 1.0) » '
CALL AXIS2(7.0,0.0, 'FREQUENCY (HZ)' -14 FLEN S
+90.0,F(IT3+1), F(IT3+2) 0) Co
- “CALL PLOT(7.0,FLEN,3) = -
- . CALL ‘pLOT(0.0, FLEN,2) _
. CALL PLOT(O. 0 0.0, 2) e e
,CALL SYMBOL( o 0 0 20 'BLOCK(;SO;O,S)«"

' ‘;’.'

A

‘jnnnqhnnqbnnoohhhnohnonnnnnhann
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. TmIB+, 05
- CALL NUMBER(-1. o 1.2,0. 20, T 90 o —1)
S T=(C(1)- C(IT3+1))/C(1T3+2) o ’
CALL PLOT(T,0.0,3)" ' SR S
a CALL LINE(C,F, IT3 1,0) ‘ ‘
0 DO-19 I-ISA LA
XP-(Y(I)+C(IT3+1))/( C(IT3+2))
‘ - YP=(X(1)-F(IT3+1))/F(IT3+2) :
19 CALL SYMBOL(XP,YP,0.10,1,90.0,-1)
- 'IF (ICPC.NE, 1.0R. ISP EQ '0) GO TO 22
- CALL PLOT(0.0, 15.0, —3)
GO TO 25 .
22 CALL‘PLOT(IO.O,O.O,C3)
25 IF (ISP.EQ.0) GO TO 10

non 0 nannAnannna

'CALCULATE 'DISPERSION CURVE

IF (ILP.EQ.0). ILP=ILA
o IF (ISP.GE.ILP) GO TO 93 ‘ o

CHANGE. THE FOLLOWING READ -STATEMENT 1S REPLACED BY

= READ ‘(1) DEPTH1,DEPTH2, (¥(I),I=1,N)

CdMMENT ~ 'READ (1) (¥(1), =1 N)

 IBL=IBL*1

CHANGE: .THE FOLLOWING WRITE STATEMENT IS ADDED TO GIVE A’
c " DEPTH REFERENCE y . , , B
a WRITE ' (6,24) DEPTH1, DEPTH2 A . \ 5
r WRITE (6.4) o \ '

4 FORMAT ('-FREQUENCY' 5X, PHASE VELOCITY ) N

IN CALCULATING 'THE DISPERSION CURVE FROM THE PHASE e
SPECTRUM I AM USING ROUTINE UNWRAP TO UNWRAP THE PHASE "
CURVE IF IT IS LIMITED TO THE' PRINCIPAL BAND BETWEEN. '
'~180 AND 180. , S
‘I AM ALSO REMOVING ANY LINEAR TREND BY SUBTRACTING BRI
PSTAT*FREQUENCY DEGREES FROM THE PHASE CURVE | ,
g
\  CALL UNWRAP(Y N)
DELTaDELT—pSTAT/3sof’\\\\\'l
- DO 29 I=ISP,MLP _ L
. PHZ=Y(I)-X(I)*PSTAT. L
. _¥(1)=DELz/(DELT- 9_1/4360 0*xg;))) @ e
.29 . WRITE (6,5) R(I),¥(1) T T
"5 FORMAT (%' E12,6,5X, EIO 4) T
€§19 (ICPC NE ol db TO 40 o

jnnannnon

: ZMAKE CALCOMP PLOT OF DISPERSION CURVE

e XeNg

g MPsILP-ISPH e - . - . :
.v'IT1=X(ISP)/10 0 R SR T RS S
S ITI=10%IT1 o e
':ITZ-X(ILP)/10 0+1, o IR, ~ AR
- IT2=1T2#10 y‘~ U
© 1T3=IT2~ IT1+1 B ST N I P
T=1. o . AR L T



4hw

“h\~‘xr (rT3’GT 101)’?-2 RIS CoL
VT (IPZLGTL201) iTmd 00 &0 T L
\ ~u‘32 IFY (IT3: GTJQOI)«$TOP 320 o

\
,»u\t
‘m

“3

(

I

!
.‘;\.

'

-x. 'CALL SCALE(Y(ISP), 3 o P41 4) e

}j4

",jls_Fonuar

?R;CALL pLow(Jo o, e.’

"IT3-IT3/Tﬁ. ,”;n‘

'F(l)-ITl Y ' ‘ 3
(1) ==0R/ (1. 04ALYG (FZERO*1000,0) /(PT+QH) )

,IF (F(1) NE 0 0). c(l)a-cn/(a QfALOG(F(ll/FZERO)/
& RERRTIRR (PI*Q&) L

e e 00435 142 ITE b R ~xaw;.~
SRR )= (= T aferTy o
S t;w~c(1)=-cn/(1 0 ALOG(F(I)/FZERO)/(PI*QR))
R (IT3+1 =F (1), STy a

g(IT3+2 =10.4T. *‘”W“‘{ .
nEN-(F(rT3)—F(1))/E(IT3+2) PR P
. Y(ILP+1)e-C(IT3) . 7 L T V'ﬁi

“CALL LINE(C,F,1T3, 1, 0)

 XPa(Z(I)+ 1w3¢1))/(:£(1w +2)) SRTI
. YP=(X(1)-M¥IT3+1)) /F(1T3+2) © ,‘*Jn‘w

VIF (1QPC.EQ.1) ' CALL. P%OT(0r~
=3 L

3)‘

6 1F (ICPL NE. ) GO TO 42
-,F1-DF*(Isp—1), i

ﬁDELT-DELT+PSTAT/360 0 N :
WRITE '(6,6) IBL,DELZ, DELT FZERO PSTAT
(’1DISPERSION CURVEoFOR BLOCK*
DELZ ="', F10.4, 58 ’ ok
,P10 4 SX 'FZERO =

' 'QRe-PI$DELT/S - \1} ifVﬂjx{g“tﬁu~:. . e
CRepELE/ELT o

DO .39 I=1SP,ILP i PSR ”:i‘ e

- \CALL', SYMBOL (XP, ¥P,0. 10, 4, 90 o,-r) e

" G1T3+1)=~T(1LP+2)." 0*Y(ILP+3) L : -
C(IT3+2 SY(ILP+3)". o e '
rp (C(1).6GT., (CKIT3+1)+7 o:c(xm3+2))) e

A&l €A T)=C(TITI+1)#7.02C(IT3+2) ' . RN 4
CALL AX1S2(0.0,0.0,"VELOCITY",-8,7.0,0Q. 0} . s '

g a .. re(IT3+), ~C(IT3*2),J 0) i;ﬂ;,- fﬁ--”’ .
CALL AXIS2(7 0,0.0; 'FREQUENCY (Hz)'-~“;-3 e :
.FLEN,90.0, F(IT3+1), F(IT3+2) 120y v v R
'CALL’ PLOT(7.0; FLEN,3) .. o ol BT :

"' 'CALL ‘PLOT(0.0;FLEN, 2) ggwn'~j:~ S '
{"-CALL PLOT(0.0,0.0, 2)" '“~1~ L | .

‘”CALL ngBon(-1 0,0 0 o 20 BLOCK' 90. o 5), e

. «T=IBL+.05. " e L

»'CALL 'NUMBER(-1.0, 1. 2 0 20 T 90 0 ?1) LT
: Ta(C(1)- c(1T3+1))/c(1T3+2) Y
~CALL' PLOT{T;0.0,3) /" . " Ca

e i e

GALL GRA?(Fﬂ'DE,Y(Isp) MB 1 ;[;ﬁ' ’f ’
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PLOT Q VERSUS FREQUENCY CURVE ON LINE PRINTER

‘IF (IQPL NE. 1) GO TO 10

IF (ISA.LT.ISP) ISA=ISP

‘IF (ILA.GT.ILP) ILA=ILP

MA=ILA-ISA+1
DO 44 I=1SA,ILA
Y(I)=-PI:DELZ/(Y(I):S)

s

F1=DF#(ISA-1)

WRITE (6,7) 1B -

’

FORMAT ('1Q VERSUS FREQUENCY CURVE'FOR BLOCK" 13)

CALL GRAF(F1,DF,Y(ISA),MA,1)

- GO TO 10

91
92

93
94

96
99

\

STOP

WRITE (6,92)

FORMAT ('1N CANNOT EXCEED 257"
GO TO 99

WRITE (6,94)"

) -

FORMAT ('1ISA (ISP) MUST BE LESS THAN ILA (ILP) )

GO TO 99
WRITE (6,96)

FORMAT (+1BAD RETURN. FROM SKIP')

1IF (ICALC. EQ. 1) CALL PLOT(0.0,

TO BE -99999 FOR TERMINATION

0.0,999)

WGE: PLOT.LOG REQUIRES THE LAST THICKNESS IN Q .MODEL

OF THE PROGRAM, THIS

IS -THE SAME AS IN THE 'CASE OF EARTHMODEL.

'NINES = 99999.0

END

IF (BQPROF.NE.O) WRITE (11,

- SUBROUT# E SLOPE(X,¥Y,N;S,SD,B,

191) NINES, ZERO

BD)

SUBROUTINE BY DAVE GANLEY, NOV 14 1977.

: iINpUTs- _ ‘ -

X = ARRAY OF X COORDINATES OF
" Y = ARRAY OF Y COORDINATES OF
N =‘NUMBER OF INPUT\PO}NTS‘(N

 OUTPUTS:

S = LEAST SQUARES ESTIMATE 'OF

' SD.= ESTIMATE OF THE STANDARD
B » LEAST SQUARES ESTIMATE OF
“sn = ESTIMATE OF THE STANDARD:

DIMENSION X(N) Y(N)
o

-

THIS SUBROUTINE WILL CALCULATE THE LEAST SQUARES ESTIMATE
OF THE EQUATION, OF A STRAIGHT LINE THROUGH N DATA. POINTS

THE POINTS

“THE POINTS

MUST BE AT 'LEAST 3)

.THE SLOPE

DEVIATION OF THE SLOPE
THE Y INTERCEPT
DEVIATION OF | B

THEORY IS TAKEN FROM ELEMENTS OF STATISTICAL INFERENCE BY‘
DAVID V. HUNSTBERGER (PUB BY ALLYN AND BACON, 1967) ON ‘ ,
PAGES 255 TO 263. '



CHANGE: THE' FOLLOWING SUBROUTINE HAS BEEN ADDED TO
CALCULATE INTERVAL VELOCITIES OVER A DEPTH .

c |
INTERVAL IN EARTHMODEL. IT AVERAGES THE VELOCITIES

C
C

IF (N.LT.3) GO TO 6
XN=N ‘
EN2=XN-2.0

SUMX=0,0
sumxzaéép/
SUMY=

SUMY2=0.0
SUMXY=0.0
DO 1 I=1,N
. SUMX=SUMX+X (1) ‘
" SUME2=SUMX2+X(1)*X(1)
SUMY=SUMY+Y(I) :
K SUMYZ-SUMY2+Y(I)*Y(I)
r ' SUMXY=SUMXY+X(I)*Y(I)
SXY=SUMXY-SUMX*SUMY /XN
SX2=SUMX2-SUMX*#SUMX/XN
2=SUMY2-~ SUMY#SUMY/XN‘
S=SXY/SX2
. SD=(SY2- S*SXY)/(SXZ#XNZ)
B=(SUMY-S#SUMX) /XN -
' BD-(SD*SXZ+SD*SUMX*SUMX/XN)/XN
' SD=SQRT(SD)
BD-SQRT(BD)
RETURN -
6 WRITE (6, )

7 FORMAT('1 BROUTINE SLOPE REQUIRES

STOP 7
END

167

N GREATER THAN 2')

- (WEIGHTED, BY THE THICKNESS .OF EACH LAYER) TO RETURN

P o1 HRIIIEN BY NICK KEEHN (1986)

- LOGICAL#1 JUNK.
REAL INTVEL

- READ. (10,1000). JUNK
1000 FORMAT(AI) B ‘ ‘

e S

DEPTH - = 0.0
100 READ (10,2000) THKNS, VEL

“2000 FORMAT(SX 2F5.0) .

DEPTH = DEPTH + THKNS :
. IF (DEPTH.LE.DEPTH1) GOTO 100
 IF (DEPTH.GT.DEPTH2) GOTO 200

IF ((DEPTH‘DEPTHi) GT. THKNS) GOTO 300

| SUMVEL = (DEPTH - DEPTH1)#VEL

SUMVEL = 0.0 R,

'INTVEL THE DEPTH INTERVAL 1S ‘GIVEN BY DEPTHI1,
. SUBROUTINE INTVL (DEPTH1,DEPTH2, INTVEL) . '

DEPTH2.
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.‘?".'.'.,".‘-‘." ' .a._ . :. . . . ' '
S IF (DBPTH“EQ DEPTHZ) GOTO g00 » "
.M GOTO, 100 :\-‘_ o ! L
}300"SUMVEL“‘ THKNS*VEL + SUMVEL | ‘
@§1]uc~GOTo 100 | ‘
. 200 | FF- ((DEPTH-THKNS) LE.DEPTH1) SUMVEL = (DEPTH2-DEPTH1)
. cﬂmL,. '

“IF ((DEPTH THKNS) GT.DEPTH1) SUMVEL = SUMVEL +
& (DEPTHZ (DEPTH THKNS)):VEL
. ' ' ' ,"‘ ,"'P-‘
400 ,INTVEL = SUMVEL/(DEPTH2'~ DEPTH1) o
REWIND 10 T T
RETURN o ' X Ty
END ‘ - R

SUBROUTINE PLOT1(X Y, ISA, IgA DEPTH1, DEPTHZ YI\\\\\
& ; ~"5.SD, INTVEL, 0, DEPAVE) R

C ~ 'WRITTEN BY NICK KEEHN {1986).. A
. DIMENSION 'X(257),Y(257):, XVAL(257) , YVAL(257) XREQ(4),
& YREG(4) : , ,
REAL INTVEL . Sooitl _ﬁg , |

~ [ )

C MOVE THE ORIGINGFOR THIS PLOT , g
c CALL PLOT(20.0,0.0,-3) ¢ SO

.
.
‘\‘l -

’ ot [

K= 0 o ,
DO 333 I=ISA, ILA ‘/K o
K = KH AN e
XVAL(K) = X(1) ./ ‘
| YVAL(K) = ¥(I) X ‘ X
333 CONTINUE . ‘/ : o .
"LAST = x ; : .

'DO THE' NEXT TWO LINES IN THE CALLING ROUTINE IF MORE .
THAN ONE PLOT IS TO BE MADE ' = .. .. )
-CALL PLOTS R u:n,;~%-4 ta, o
CALL PLOT(Z 0, 2.0, 3)u...,,;;_‘ B
AUTOMRTIC SCALING ~
- CALL SCALE(XVAL, 15. 0 ILA, 1)
E;CALL SCALE(YVAL 7.0, ILA 1)

‘nnn_onnd ‘

.MANUAL SCALING -
XVAL(LAST+1) = LOWEST VALUE WANTED ou THE- X-AXIS ,
ITSELF = o

XVAL(LAST+2) = NUMBER OF USER UNITS/CENTIMETER ALONG
X AXIS. : . X

YVAL(LAST+1) = LOWEST VALUE on Y AXIS

q

nnhnhn;<



ok,

%

c CALL'PLOT(0.0,0.0,999)..

G, SET UP AND LABEL AXES

Y AXIS
XVAL(LAST+1) = 0.0
XVAL(LAST+2) = 20.0
" YVAL(LAST+1) = 0.0
YVAL (LAST+2) -'1ﬁo

o0

. CALL' AXI1S2(0.0,0.0,
. ,.xVAL(LAST+1) XVAL(LAST+2),

1.0)

$ ;“ YVAL(LAST+1) YVAL(LAST+2) ~1. 0)

" C DRAW BOX Aﬁounn PLOT.

CALL" PLOT(8.0,0.0,3)
CALL PLOT(8.0,3.0,2) ¥
CALL PLOT(0.0,3.0,2)
C DOCUMENT THE PLOT ‘
CALL SYMBOL(8.5,2. 5,.25,'DEPTH§:
& ", 0.0,2W) :
- CALL NUMBBR(10~4 2 5,.25,DEPTH1,0.0,
" CALL NUMBER(12.1,2.5,.25, nepwnz 0.0,
CALL SYMBOL(8 0,.25, ' MID-DEPTH
. CALL NUMBER( 2.0, .25,DEPAVE,.0. 0
CALL SYMBOL( .5,.25, 'SLOPE:"',0
' . CALL NUMBER( 5,.25 $,0.0, 6)
~ CALL. SYMBOL( 0,.25, 'SLOPE STD:
0,.25,8D,0.0,7)
,.25"INT VEL. :
5..25 ‘INTVEL,0.0,
,+25,'0Q+ VALUE: '
o,.zs;o;o.o;1)
¢ PLOT THE DATA B
. CALL LINE(XVAL YVAL LAST 1 =1,75)..

c o BETWEEN X(ISA) AND x(ILA)
. °  XREG(1) = X(ISA)
XREG(2) = X(ILA)

XREG (). = EVAL(LAST+1)
XREG(4) = XVAL(LAST+2) .
" YREG(1) = X(ISA)*S + ¥I
YREG(2) = X(ILA)*S + YI
. ‘YREG(3) = YVAL(LAST+1,
YREG(G) -

!VAL(LAST+2) W f

c. Lo THE REGRESSION ans ,;"

»GALL LINB(XREG YREG, 2, 1, 0, o)
¢ DO THE NEXT LINE IN THE MAIN pnognau

)" ‘
0)" 5

1)Q
0,6)

By

o

'CALL AXIS2(0.0,0.0,' Ln Amp Ratio',13,3.0,90.0,

'»0.0,10)

-

1)
0.0,8)

\

“C_ .. EVALUATE® TWO' POINTS ON THE' REGRESSIDN LINE.

,0.0,10) .

Frequency (HZ)',-16,8.0, 0 0

LIERE N

169

YVAL(LAST+2) = NUMBER OF USER UNITS/CENTIMETER ALONG

. 19)
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SUBROUTINE TAPER(X,N,M) ;-
SUBROUTINE BY DAVE GANLEY, MARCH 8, 1978.

THIS SUBROUTINE WILL APPLY A COSINE TAPER TO EACH END
END OF AN INPUT TIME SERIES.

INPUTS ARE: . .
X = TIME SERIES
N = LENGTH OF X- ,
M = # OF POINTS AT EACH END OF X TO WEIGHT (MAX=25)

f.

OUTPUT IS:
X = TAPERED TIME SERIES

DIMENSION W(25),X(1)

DATA ML/0/

IF (M.GT.25) GO TO 4

IF (2#M.GT.N) GO TO 6

IF (M.EQ.ML) GO TO 2
, T1=3, 1415927/(M+1)

DO 1 I=1 M . R

T2=T121 s A

1 W(I)=.5-C0S(T2)/2.0
2 NP1sN+1

DO 3 I=1,M

J=NP1-1 . i . ,

X(I)=X(I)sW(I) ’
3 X(J)-X(J)*W(I) o

RETURN o . P
4 WRITE (6,5) ;

I

5 FORMAT

t (' ISUBROUTINE TAPER CAN ONLY WEIGHT UP TO 25 TERMS')
STOP 16 C ’

6 WRITE (6,7)°

7 . FORMAT

& (1M CANNOT BE LARGER THAN N/2: IN SUBROUTINE TAPER')
STOP 16 . . , | '
"END
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SUBROUTINE AMPPHZ(LOG2N,X,1C,PDC,PFN)

WRITTEN BY DAVE GANLEY ON MAY 19, 1977.

THIS SUBROUTINE CALCULATES AMPLITUDE AND/OR PHASE
SPECTRA FROM THE REAL AND IMAGINARY PARTS OF A
FREQUENCY SPECTRUM OR VICE VERSA. THE INPUT (OUTPUT)
ARRAY X IS OF LENGTH 2%#*LOG2N WITH THE REAL PARTS OF
THE FOURIER COEFEICIENTS FOR FREQUENCIES ZERO TO
NYQUIST IN THE FIRST N/2+1 POSITIONS OF X. THE
IMAGINARY PARTS OF THE COEFFICIENTS ARE IN POSITIONS
N/2+2 TO N AND ARE NOT STORED FOR DC OR NYQUIST
FREQUENCY (WHERE THEY ARE 2ERO). THE OUTPUT (INPUT)
ARRAY HAS AMPLITUDES IN THE FIRST N/2+1 POSITIONS ~
AND PHASES IN DEGREES IN THE LAST N/2-1 POSITIONS.,
PHASES FOR DC' AND NYQUIST FREQUENCIES (0 OR 180) ARE
RETURNED (SPECIFIED) IN PDC AND PFN

a

’ OO0 NNOONNANONNONN0OONNNONNO

IC = 1 INPUT. IS FOURIER COEEFICIENTS;

OUTPUT AMPLITUDE AND PHASE.

= 2 INPUT IS FOURIER COEFFICIENTS.
OUTPUT IS AMPLITUDE ONLY.

= 3 INPUT IS FOURIER COEFFICIENTS.
OUTPUT IS PHASE ONLY.

= -1 INPUT AMPLITUDE AND PHASE.
OUTPUT FOURIER COEFFICIENTS.

NO SUBROUTINES ARE CALLED

#*t#*##**t*#*##m##*****####*##t***#******#*###t*#\.*3ft*#*##' .
v. Lot ’ ) . - !
DIMENSION X(1) - :
~-IF (LOG2N. LT 1) RETURN R e
M=i
DO 9 I=2,LOG2N S LA . .
9 M=2xM . . . o R ‘
N=2xM )

MP1=M+1 = ' RS £L~, | - : ir

»

IF (IC.LT.1) GO TO 400
GO TO (100 200 300) IC

‘CALCULATE AMPLITUDE AND PHASE SPECTRUM

e ¥e¥e

100 IF (XU .GE.0.0) GO TO 105
o X()=-X(1)
> * PDC=180,0. S : S
GO TO.110 R :
105 PDC=0.0 = . | -

'3k11o 1F (X(MP1).GE.O. 0) GO TO 115

X(MPI)--X(MPIL B |
PFN=180.0 | S
GO T 120 = R A A

o ‘.";\




SN

115
120

NnooO

200

209

300

305
310

"§r5

320

329

PFN=Q, 0 .
IF (LOG2N.EQ.1) RETURN

DO 129 I=2 M

A=X(1)

B=X(I+M)

- X(I)=SQRT(AsA+BsB)
129

X(I+M)=57. 29578:ATAN2(B A)
RETURN _

CALCULATE AMPLITUDE SPECTRUM ONLY

IF (X(1).LT.0.0) X(1)=-X(1)

IF (X(MP1).LT.0.0) X(MP1)=—X(MP1)
IF (LOG2N.EQ.1) RETURN

DO 209 I=2,M

A=X(I) :

-B=X(I+M)’

x(I)-SQRT(A:A+B:B)
RETURN .~ .

CALCULATE PHASE SPECTRUM ONLY

IF (X(1).LT.0.0) GO TO 305
PDC=0.0" .

GO TO 310

PDC=180.0

IF (X(MP1).LT.O. 0) GO TO 315
PFN=0.0 o

GO TO 320 ' f \
PFN=180.0

IF (LOG2N.EQ:1) RETURN , o b
‘DO 329 1=2,M :
‘A=X(1) " o

© BuX(T+M) v .

X(I+M)=57, 29578*ATAN2(B A)

‘RETURN

173

CALCULATE FOURIER COBFFICIENTS FROM AMPLITUDE AND PHASE'

A 4bo

’ﬁifEND

x(1)-x(1ﬁ:c05(pnc/s7 29578) _
X(MP1)=X(MP1)*COS (PFN/57.29578)
IF (LOG2N.EQ.1) RETURN .

DO 409 1-2 Mo

A=X(I)

‘f B-X(I+M)/57 29578
_ X(I)=A#COS(B)
,x(:+u)-A:sru(B)

RBTURN
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.. €. & v "NOW X(W) AND Y(W), THE. FOURIER TRANSFORMS OF X .
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SUBROUTINE FéTRZ(LOGZN,x,Y)"

WRITTEN BY DAVE 'GANLEY ON MAY 1 1972

THIS SUBROUTINE ACCEPTS AS INPUT TWO REAL
FUNCTIONS (TIME .DOMAIN) AND CALCULATES THEIR. FOURIER
TRANSFORMS . INPUT ARRAYS ARE OF LENGTH N=222LOG2N.

 ON OUTPUT THE REAL COEFFICIENTS FOR*“N/2+1 TRANSFORM
POINTS FQR FREQUENCIES ZERO TO NYQUIST FREQUENCY ARE.
STORED IN POSITIONS -1 TO N/2+1. OF X AND Y. 'THE ., -

. IMAGINARY COEFFICIENTS ‘ARE STORED IN POSITIONS. N/2+2

. TO N AND APPLY 'TO FREQUENCIES FROM .ONE: ABOVE ZER@“TO»~
ONE LESS THAN THE NYQUIST FREQUENCY. THE IMAGINARY

' COEFFICIENTS OF. ZBRO AND NYQUIST FREQUENCY WOULD BE °*
ZERO. ' o v

" FOR EXAMPLE: ‘ o
INPUT 8 POINTS AT 1 MILLISECOND SPACING. ON -
. OUTPUT THE REAL COEFFICIENTS OF THE SPECTRUM ARE
IN POSITIONS 1 TO 5 AND APPLY:TO FREQUENCIES 0,
125, 250, 375 AND 500 HERTZ. THE IMAGINARY
COEFFICIENTS ARE IN POSITIONS 6 TO '8 AND APPLY
TO FREQUENCIES OF 125, 250 AAND 375 HZ. :

THIS SUBROUTINE WOULD BE SPEEDED UP IF IT WAS
USED SEVERAL TIMES BY SUPPLYING ARRAYS OF SINE AND °
COSINE VALUES AND AN ARRAY OF INDICES IN BIT REVERSED '
ORDER. - ' . . o

-

| 'FFTR2 AND FFTCX2 FORM A TRANSFORM PAIR:
"ASUBROUTINES CALLED: -~  + '

]0 MDFT N

2. SW2RBO

-

- AR

v toeoe 4 NS
- . »
- . : .

. DIMENSION' x(1)”¥(1) i T

IF (LOG2N.LT,1).RETURN . N T D
N=2#+LOG2N .’ Ty L

'CALL MR1DFT(LOGZN %,7).
" \IF. (LOG2N.EQ.1) GO TO" 30
CALL' SWZRBO(LOGZN,X Y) B | o
. 2 5 8 . L
' WE;HAVE' INPUT X ARD Y- T0; MR1DFT AS X+ Isvs THE
TRANSFORM OF X + IsY IS.A + Bl WHERE 'l IS ROOT. OF
1 AND' A IS STORED IN X AND B IS STORED IN Y.

. AND Y, ARE CALCULATED USING THE FOLLOWING EQUATIONS. - -

,*,_ﬁﬁ

X(W) AND Y(W) ARE COMPLEX AND W. GOES-FROM 0 TO:N/2 IN -
THE FOLLOWING EQUATIONS.‘ w-n/z IS THE N!QUISTv L
~i""FREQUENCY.'_¥5_g , o

#tt*********#*t**#*k**#****#*******#*****t*********##***#**Aiyﬁ;
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X(W) = (A(W)+A{N-W) + I:(B(W)—B(N—w))/z
Y(W) = (B(W)+B(N—W) . It(A(N w) A(W))/Z

TWON-Z:NJ\ | - IR }f

 NBY2=N/2

N21=NBY2+1 . . . o
NP2=N+2 o ) ,
. DO 10 I=2, bez :

J=NP2-1

' XR=X(I)+X(J)

XI=Y(I1)-Y(J) ' .

. YR=Y(I)+Y(J) : o L Ct .
YI=X(J)-X(1) - = ) N
X(1)=XR/TWON"

X(J)=XI/TWON ~ '3 =

Y(I)=YR/TWON . ‘

10 Y(J)=YI/TWON - '
- X(1)=X(1)/N . o .

Y(1)=¥(1)/N ® o
X(N21)=x(N21)/N . =~ . LTy
Y(N21)-Y(N21)/N : E .o

\
' \

, THE IMAGINARY TERMS ARE NOW REVERSED IN DIRECTION'

IN THEIR STORAGE AND MUST ‘BE STORED IN THE CORRECT

'ORDER. .= ) -

T, T,
IF (LOG2N.EQ. 2) RETURN L - ~

‘NP 1=N+1 | ‘ _ _ S

N41-NY4— S ‘ Ty

D020 I=1, N41 . . o .
CPRER(NZTRI). o - B R
y-y(n21+;) e I e

CR(N21#I)=X(NP1-1) = RV

Y(N21¥I) (NP1-1) - S A

CX(NPTER)RRR o L e sl

' .“ : 20 Y(NPI~I)-TY RV e o

CRETURN .

30 DO’ 39 I=1,N

T=X(D)/N. 1

739 Y€1) =Y (1)/N

Rmmm
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SUBROUTINE MRIDFT(LOG2N,X;Y) -

IWRITTEN BY DAVE GANLEY MAY 1, 1972.

MIXED RADIX ONE DIMENSIONAL FOURIER TRANSFORM

~
THIS ROUTINE CALCULATES THE FOURIER. TRANSFORM or .
X + 1sY AND OUTPUTS THE TRANSFORM IN THE ARRAYS X AND Y.

OUTPUT N-1 INPUT
x(J)+IsY(J) = SUM (x(K)+1sY(K)) EXP( 2*PI:I:J#K/N)
K=0

}

;aonnonododnnohnndnnnnnnhhnnnn

: ' WHERE 1 IS SQUARE ROOT OF -1 AND N=2##LOG2N
“. " IF THIS ROUTINE 1S USED SEVERAL TIMES IT MAY BE -
SPEEDED UP BY SUPPLYING ARRAYS OF COSINE AND SINE

VALUES

%
AFTER USING MR1DFT ONE MUST CALL SWZRBO BECAUSE
' THE OUTPUT ARRAY IS SCRAMBLED' AND MUST BE UNSCRAMBLED
+ BY STORING SUBSCRIPTED ELEMENTS AS IF THE BIT ORDER OF
. THE..SUBSCRIPT WAS, REVERSED. ' AN ARRAY OF INDICES ‘IN .
BITWREVERSED ORDER COULD BE SUPPLIED'TO SPEED UP THIS 4
PROCESS IF THIS ROUTINE WAS USED MANY TIMES IN 1 JOB.

****************#*****************#*t*********#******tt*tt#

* .

DIMENSION x(1) Y(1) \\ o
N=2%*LOG2N ' .- SR \ :
IF (LOG2N.LE.1) GO TO 50 . ' S,
DO 40 I=2,LOG2N, 2 L
MMsz**(LOGZN-I)
MA=4sMM.

- 'DO 30 g=1,MM | ¢ ‘ '

" IP (J.EQ. 1) GO-TO 6 S : e
"ARG=6. 2831853*(J-1)/M4 T ST
-~ €C1=COS (ARG) . S e S K
. 'S1=SIN(ARG) - . ,»l* Sl e

RN o2 Tob £ Tod B s1:s1‘ PR TS R A

RS §2=2, 0*CT#ST - -

S 3-C2:C1 SZ*S1
53-c2*s1+szsc1

6 c1=1 0 ;jjy,;: N
SC2=1,0 0 e
€C3=1.0 ot
. 'Si=0, 0‘«' N et
- 52%0; 0 L
83=0,0° 5

8 ‘DO’ 20 x-u4 N,M4
11-R+J-M4

s e N




1221 14MM-
13=12+MM

I4=13+MM

" K1=X(I1)+X(13)

10

X2=X(11)-X(13)

X3=X(12)+X(I4)

X4=X(12)-X(14)
Y1=Y(11)+Y(I3) -
Y2=Y(I1)-¥Y(13)
Y3=Y(12)+Y(14)
Y4=Y(12)-Y(14)

X(I1)=X1+4X3.

Y(I1)=Y1+¥3

1F (J.BEQ.1) GO TO 10 °
X(12)=(X1+X3)*C2+(Y1-Y3 252

Y(I12)=(Y1-Y3)#C2-(X1-X37*s2 .=

X(13)= (82+Y4):c1+(22~x4)*sf

Y(I3)=(¥Y2-X4)*C1-(X2+Y4)*S1

X(I4)=(X2-Y4)#C3+(Y2+X4)=*S3
¥Y(14)=(Y2+X4)#*C3-(X2- 24)*53
GO TO 20° ‘
x(Iz)-x17x3

¥(12)=Y1-Y3

- X(13)=X2+y4 =
Y(13)=Y2-X4

X(I4)=X2-Y4
Y(I14)=Y2+X4

 GONTINUE &= . S
CONTINUE * = ° L
CONTINUE X :
IF (LOG2N.EQ. LOGZN/2*2) GO TO 70 »
DO 60 I="1,N,2 - - ,

I-X(I)+X(I+1).‘

- R2=X(I)-X(I+1)"

CYI=T(I)+T(T41)
c¥2eY(1)-¥(I+1) -

o R(1)=X1
Y(I)=¥1,

' 60
.70

s -..I END ‘v" N

S R[I+1)4%2 "" :
Y(1+1) Y2 ;

o

RY
' s
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SUﬁRQﬁTINE"SW?RBO(LOGZM,X,Y)

‘WRITTEN BY DAVE GANLEY ON MAY 1,.1972. .
THIS ROUTINE SWITCHES POSITIONS OF E EMENTS N
| THE INPUT ARRAYS. =THIS IS DONE BY REVERSING THE BIT -
. ORDER ‘OF THE SUBSCRIPT OF THE INPUT ELEMENT TO R
CALCULATE THE SUBSURIPT OF THE OUTPUT ELEMENT OF THE . (-

ARRAY. THE ELEMENTS IN BOTH ARRAYS ARE STORED IN BIT
REVERSED ORDER. THE: ARRAYS ARE OF LENGTH 2#sLOG2M. .
LOG2M CAN'T EXCEED 13. - . :
FOR EXAMPLE: ; B o

‘ © IF LOG2M IS 3 THEN THE SUBSCRIPTS ARE THOUGHT TO‘
GO FROM 0 *TO ‘7., CONSIDER THE TERM WHICH IS IN ,
POSITION 2 ON IPPUT. ITS SUBSCRIPT WOULD BE 001 IN
- BINARY. REVERSING THIS GIVES 100 WHICH IS THE :
' SUBSCRIPT OF POSITION 5. THUS THE TERM IN POSITION o

Y
‘ddnhhaoodqnnnnqnnnqonnnnnnn"

2 1S OUTPUT IN POSITION 5 AND VICE VERSA ‘
1F swznao WILL BE USED SEVERAL TIMES, TIME' COULD :
BE SAVED BY STORING THE REVERSED BIT ORDER INDICES .IN B
"¢' AN ARRAY AND swchuxna.ﬁznms ACCORDING TO THIS ARRAY.
*#*#t***#***##*###tt****#*N*t*#*\**#\t#t*#*###tt##ftt*‘#*ttt#
DIMENSION x(r) Y(l) 15(}2) 10(12) ) o
EQUIVALENCE (181, 15(1)ﬂ (152,15(2)), (1S3, 15(3)),
+(154,15(4)), (185,1S(5))", (156,15(6)), (1S7,1S(7)), ,
#(188,1s(8)),(189,18(9)), (1510, 15(10)),(1511,15(11)), -
= .,“:,*(1512 15«12)) (ID1 ID(1)) (ID2 ID{(2)),(1D3,1D(3)), o
x5 %(ID4,ID(4)),{ID5, ID(S)),(JDG 10(6)J,(Ip7,10(7)),
.4 . Is(1D8,ID(8)), §1n9 ,ID(9)), (;010 1D(1b)),(1n11  ID(11)),
f gy *(1012 ID(12) S : J
- 1F {LOG2M.GT.13) GO TO 25‘ | S
LT {IF (LOG2M;LE. 1) RETURN Caesl T e
\‘fyrID12=2**(LDG2M-1) . o S e e
IS12=2#ID12. ' T ol o
- DO 10 1-2 12 *}:w' RPN o
L J=13-1- B R R LRGPP LS
‘_-..:;-_:;'_'-IS(J)=ID(J+1) e LT e e
STl Ip(g) = S -
R & (ID(J+1) GT 1) ID(J)=ID(J+1)/2

1![_f¢CONTINUE Lot N
U g=0 e
S poT20 Ti=1, ID1 SRR, AR
DO 20°12%I1,IS1,ID1~ =+
' 'DO,20 13=12,182,ID2 .
©¢ .'D020°.14=13,183,ID3 1. o
. :DO'20 15=14,184,ID4 T oo
’ ‘“ai,;no 20 16-'5 IS5,ID5 - * -




'-ﬂ& 20 111%11051510, 110 B TR B P
DQ 20/ I12=I11, Is1;w1011 'mu*]w‘*ﬂ.hth‘pwuﬁk“ﬂ“v’fu" 5

W T b :
\ SRR + 179
Do 20»17-16 156'106 e | n i
“.Do 20'18217,157 197,«g:wg‘.y\;1 e o
'DO"20"19=18;1S8,1D8" SN N D e
DO 20 110s19,159,1D9. S TR
o . o

DO 20, T13=112,IS12,ID12 0 7 L T T
1F (3, LE 113) GO, TO 20 D P R

.'-uT-x(J) SV u;"fi;F"“r FRTAL RN

JX(J)-X(113)-h,,\ﬁw,,;_vy,n,_v.- IR U
X(I 13)3’1’ \ \ ‘* T S S E |
‘,_‘X(J)'Y(IT:;) Vo
~-Y(I13):T . ‘
2\0 CONTINUE

f\‘ "v

28 WRTgE (6, 26) UL SR '“"iﬁﬂ\ }?{yv,;”fr$ﬁ?

26 FORMAT ('1 LOGZM IS TOO LARGE IN stngo' ST Ty

S'I‘OP 8

i’ .
END | , PRI - - e
. oy . + )
: . W
. ' . \ . LN R EEF IR L
- PR v Ed o ‘
' f Y ' ' 1 ‘o L ‘ 5
e ! - Vos e ! ! i ! ‘ ' N
. ' ‘ . 7 ' . Al A0 @ '
' L r, ; , ' Nt B \
SRR N LY A :
X ) . . " Lol
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ﬁﬁyﬁ“"‘. “‘ ‘gr_ ' SUBROUTINE DANIEL(&,N FWIND DT) ' PR
oot ‘ o : R
" SUBRQUTINE 'BY DAVE GANLEY DECEMBER 12 ~1977.,

3 suaaou'rmz lCALCULATES A DANIELL- LIKE spac'rmu.
PIMATE FROM THE PERIODQGRAM. THIS IS-DONE BY .~
RAGING ALL FREQUENCIES WITHIN A WINDOW CENTRED ‘
. ABOUT THE DESI FREQUENCY. ' SINCE REAL AND" Imsmmy.,
COEFFICIENTS (REDAMPLITUDE AND PHASE VALUES) ARE . - .
: |

e

9dodnnqonﬁonghn

AVERAGED THIS NOT A DANIELL POWER SPECTRAL 5
STIMATE. . ALSO {NOTE THAT AT ‘FREQUENCIES WITHIN HALF
Ny THE WINDOW wﬂnwn "OF 'DC OR' NYQUIST FREQUENCIES THE.
. ESTIMATES ARE C LCULATED BY AVERAGING OVER 'FEWER
" Q. VALUES
: ’ INPUTS : ' | -
R o X =‘INPUT _FOURIER TRANSFORM AS OUTPUT BY MY ROUTINE
RERSE o . FFTR1 OR AMPPHZ. ON OUTPUT X CONTAINS THE
Y . SMOOTHED SPECTRAL ESTIMATEIN THE SAME FORMAT.
W(r\ffiq N N = LENGTH OF X (N IS 2#sM WHERE 'M IS AN -INTEGER) ‘
R c.’ FWIND = WINDOW WIDTH IN FREQUENCY DOMAIN (HERTZ) :
R DT = SAMPLE: INTERVAL OF ORIGINAL TIME SERIES xN .
N MILLISECDNDS :
PR oS PR
e DIHENSION X(N) .‘ o
S o . DIMENSION -¥(1024) o
R { “IF (N.LE.1024) GO TO 10 oo ) -
Wyt b . WRITE (6,1)y .
B T 1 FORMAT ('1N CANNOT EXCEED 1024 IN SUBROUTINE DANIELL )
.,;\_fjg,fu - STOP 8. °T o ' . e Dol v ‘5. 
PRI 10 N2=N/2 ‘f' N j g ‘;j;r' .,'4H S «ﬁ -
cR Lol L N22aN2+2 T T A T
e NP2=N+2' - »" K ‘W”"V%frf‘. r To T
o DE'c]OOO 0/(N*DT) T O e \" L AT
NN ; HMZ-FWIND/(2¢0#DF)+ 5 B T AT AR ORI
XM"M S j'- ? * * ¢ / .
XM 1=M=~ 1 3
FWID;Q O*MZ*DF ;
WRITER(6,2) M,FWID ;!

smvr ( ,,13,' PTS USED'



L21=I21+N2 . o LA

' . . LL21=NP2-121

- ;" XF=EM-JE - .

‘ Co XF1=XF-1.0 S .

IF (1 EQ 1) GO TO 30

KE-
DO 29 K=1 KE ‘
x(r)-x(I)+Y(I+K)+z(I K) °
CR(IT)=X(IL)+Y(II+K)+Y(II- K)
X(L)=X(L)4Y(L+K) :
X(LL)=X(LL)+Y(LL-K) =~ °

IF (K.EQ.KE) GO TO 29 = - .

- X(L)=X(L)+¥Y(L-K)

x(LL)-x(LL)+Y(LL+K) e,

. Y ey 029 v . CONTINUE I
S . 30 DO 39 J=1,JE . \
R X(1)=X(1)+¥(121+3) S
X(I1)=X(11)+¥(1121-J). .
e 1P (1.EQ,1) GO TO 39 o
ek \ 2 x(L)-x(L5+Y(L21+J)
Lo T R(LL)=X(LL)+Y(LL21- -J)
039, CONTINUE

0 N " X(I)-X(I)/XF
v _ . X(I1)=X(II)/XF " :
B . 1IF (1.EQ.1) GO TO 49 - =

SRR * . X(g)=xX(L)/XF1 N

S ' 'X(LL)-X(LL)/XFI

S 49. CONTINUE o
(1E=N22-M21 3

‘ .. IF (M21.GT.IE) QETURN

e (L=M21*N2. |

Lot . D059 I=1,M2 -

C s e T f,x(M21)-x(M21)+Y(M21+1)+Y(M21 I)

© . IF (M.GT.N2.AND.I.EQ.M2) GO TO 59 -

ﬁ*iwqii‘ff“if.” (L)=X(L)+Y(L+1)

v - IF (1.EQ.M2) GO TO 59
‘ SR _x(L)-x(L)+!(L 19) SO o
. ...59 - CONTINUE: P oy
T x(u21)~x(u21)/xu e T T

"'<'f:f, X(L)=X(L)/XM1

IF (M.GT.N2) X(L)=X(L)*XM1/(XM1 2% or =

Ir (IE.EQ M21) RETURN
L-IE+N2 e, ,
S *'@ o _ DO 69" 1-1 M2
R x(IE)-X(IE)+Y(IE+I)+Y(IE-I)
B y %ff+f'*qx(n)-x(L)+!(L -1)

o IR (TN MZ) X(L)=X(L)+Y(L+I)
L 69 CONTINUE- . -
e x(IE)-x(Iz)/xM
1 ‘1mg§%ru;« x(L)-x(L)/xu1 ,“
S IE-IEr1~" L

IF (Is GT IE) RETURN
DQ 89 I"IS Ig ‘
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L= L+N2

: DO 79 J=1 Mz

X(I)-K(I)+Y(I*J)+Y(I J)

_ X(L)sx(L)+Y(L+a)+Y(L J)
 'CONTINUE :

CX(1)=X(1)/EM D)

RE'I'URN ’

END

X(L)=X(L)/XM
CONTINUE

4
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