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ABSTRACT 

A study of the absolute amplitudes from seismic reflection 

records revealed that lithologic variations may be traced by observing 

absolute amplitude variations. The amplitude information was obtained 

by considering the effects of energy injection, propagation and 

instrument response. By evaluating these effects the total system is 

defined within the limits of the accuracy with wpich its components 

have been determined and any variable or group of variables may then 

be calculated from a variation in the amplitude response. 
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INTRODUCTION

Scope of Study

A reflection seismogram is a complex record of the response

of the earËh and the recordíng equipment Ëo an energy injection. In

order to obtain more informaËion than Ëhat required to consËrucË the

conventional strucËural model of the earËh, hígh resolutÍon methods

shoul-d be applied. 'rHígh resoluËion" may be defined as the high

fidelity recording and anal-ytic procedures required to produce the

besË resolvíng pohTer of the seismic exploration method applicable to

sËratigraphíc studies and special strucËuraL probLems. In this study

"high resoluËion techniques" ímpIy the recovery of absolute amplítudes

from reflection seismograms to determine any correlaËion between Ëhe

magnitude of the ampliËudes and lithologic variations.

To recover the arnplitude informaËion the effects of energy

injection, propagaËion, and insËrument response musÈ be evaluaËed.

Once such an evaluation has been achieved and related to Ëhe ampli-

Ëudes in a type area, Ëhen a change in amplitude in an adjacent

area would indicate a variatíon ín orre or more of the factors in this

sysËem. The reLiability of any conclusíons obtained, when a variation

of one or more of the facËors conËributing to the ampl-iËude response

occurs, ís dependent on Ëhe accuracy with which these factors have

been determined. In this Ëhesis the emphasÍs is placed on the effecËs

of lithologic variations upon the ampliËude response.

1
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Geographic Location

The stud.y area l-ies between longitudes 108"40t (Range 2l west of the

Third Meridian) and lO8'fOr, and between township-lines 3 and { (Fi-gure 1).

In the entire area exLending from tor,mship 2l in lhe north, the Canada-

United States border in the south, and longitudes l-08" and l-10' in the east

and west, respectively, the reservoirs of the Shaunavon Formation, combined

with those of the Upper Jurassic Vanguard and Lower Cretaceous Blairmore

Formations, form Saskatchewants second largest oil-producing district.

The oit fields of lhe Shaunavon formation foll-ow a roughly l-inear north-

south distribution about longi-tude 108"30r, and are distributed in an

ascending strati-graphic position and northerly direction as fol-lows:

Rapdan, Eastend, DoI-lard, Leon Lake, Leitchville-Shaunavon, Bone Creek-

Instow, Gull- Lake and Del-ta-Prern-ier.





Geologic Setting

The Shaunavon Formation, situated in the subsurface in the enti-re

area, Iies at depths ranging from 27OO feet along its northern edge to

4500 and 5000 feet in the southern extremity. In the study area the av-

erage depth to the Shaunavon Formati-on is 4óOO feet. The formation d.ips

soulh-east 13 to l-ó feet per mile as an irregular, steplike or terraced

monocl-ine in the western and northern two-thirds of the area (Christopher,

196l+). In the south-east it forms a nearly fl-at-bottomed s¡mcline with

an eastern limb rising at a rate of 30 feet per mile. The tectonic strike

is northeast with l-ocal departures.

fn Saskatchewan the Shaunavon Formation lies at the top of the Middfe

Jurassi-c Seclion. It is overlajn by the Upper Jurassi-c Vanguard Formati-on

and underlain by the Middl-e Jurassic Gravelbourg and Inlatrous Formations

(Figure 2). The Jurassic Formati-ons were deposited. disconformably on the

Mississippian Mission Canyon marine limestone, and are disconformably

overlapped by the Lower Cretaceous Blairmore Formation of shale, mudstone

and sandstone.

The Shaunavon-Gravelbourg contact is conformable throughout the area

but becomes difficult to identify towards the northwestern edge of the

Shaunavon Formation.

The Shaunavon Formation is subdivided into two members. The Lower

Member, characterized by cream ttlithographicll limestone wi-th a thin bed

of ool-ite near the top over the northern two-thirds of the area, is separ-

ated from the Upper Member by a widespread disconlÍnuity. The Upper Member

consi-sts of a compfex j-nterfingering of quartz sandstone, marlstone, shale,

oolite, argi-llaceous dol-omite and biocl-astic li-rnestone, generall.y l+5 lo 75

feet in thickness.
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Previous !üork in the Area

During an earlier project, The BriËish American Oil Company

Limited prepared a number of synthetic seismograms using continuous

velociËy logs obËained from we11s located near the Rapdan field im-

mediately to the easË of the present study area (Fíg. 1). By varying

the thickness of Ëhe high speed material (HSM) in Ëhese velocity models

of the Upper Shaunavon Formation a number of character changes for the

Shaunavon reflecÈion \¡7ere obtaíned on the synËhetic seismograms. Ihese

results r^Iere compared to field records in the present area of study and

an estimate of the distribution of HSM was Ëhen made (Fig. 3). A1-

Ëhough Ëhis map \^7as proven by subsequent drillíng to give a f.aLr indi-

cation of the dístribution of HSM iË provided no consisËent correlation

to the rock types. IË was found thaË Ëhe lithology in areas of HSM

could vary from limestone Ëo sandstone and ËhaË Ëhe lithology at loca-

tions thoughË to have only a fair prospecË for HSM varied from shale

Ëo argillaceous sandstone or limestone. These variations made Ëhe

ínterpretation of offshore bars exËremely difficult and emphasized

the limitaÈions of Ëhe use of synthetic seismograms as a sole means

for studying stratigraphic variations. This provided the impetus for

a continued search for other methods of delíneating straËigraphic

changes in a favorable horLzon.



FIGURE 3 Outline of high speed material- by synthetic seismograrn character study
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II

EXPERTMENTAL CONDITIONS

Field Conditions

The data used for the study were obtained from standard splít-

spread reflection seismograms. The line was shot from north Ëo south

with shot points located every one-third of a mile (Fig. 3). The in-

sËrumenË lines extended 1800 fË. on both sídes of the shot poinË with

12 groups of four geophones on each side. Geophone spacing was 40 ft.

with the nearest geophones of the central groups, L2 and L3, a distance

of 20 Í.t. from the shot point. The charges T,vere buríed at a depth of

75 ft. and Ëhis depËh remained constant throughouË the survey. Surface

elevatíons in the area varied less Ëhan 20 feeË.

lhe ampliËude characteristics of the geophones used are shown

in Fígure 4. The frequencies at 50% response are 28 and 70 cps and the

1ow and high cuË slopes are 18 and 8 db/octave, respectively. The peak

response is estimated at 40 cps. Ihe recording equipment was designed

for magnetic tape recording and playback. It consisted of 24 seismic

signal channels with simultaneous control of each major funcËion for all

channels from a master control unít. System interlocks provided the

means of single-knob adjustments of record and playback parameters.

The amplifiers used produced a linear phase shíft of 10"/ocËave

aË full gaín and a total harmoníc dístortion of less than 0.1 per cent

for 3 mv input aË 30 cps or higher. Gain regulation of all channels was

alike to within f 1 db and was recorded on the tape as a function of

time. The masËer control províded simul-taneous singl-e-knob control of

all channels for filters, gain, auËomatic volume conËrol- (AVC), and

suppress ion.
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The filter used throughout Ëhis survey \¡ras an open filter

characterízed by a bandpass (F2-F1) of 958 cps. F1 and F2 frequencies

measured at 50 per cent amplitude reponse were 2 and 960 cps, and low

and hígh cuË slopes T^/ere 5 and l-0 db/octave, respectively (Fig. 5).

Fígure 6 shows a porËion of a Ëypical record from the area of study.

Measurement of Ampl-itude Data

lhe reflections from the Upper and Lower Shaunavon FormaËion

and the }4íssissíppian Limestone were identified by Ëhe use of ConËinuous

Vel-ocity Logs (C.V.t.) and from reports of previous work in the area.

The peak to peak amplitude r^7as measured and recorded as shown on Table 1

with íts accompanying ilIusËraËion. Ihe arnplitudes were Ëhen plotËed as

functions of shoË point to seismometer group dísËance, Figures 7 and 8,

and as funcËíons of the reflection poinË (Fig. 9).

Preliminary Laboratory AmpliËude Study

,A*plitude sËudies, in general , fol1oT,,7 t\,ro approaches. One

techníque empl-oyed is l¡ased on the relaËive amplitude of Êwo reflection

events. Subsurface changes may be indicaËed by variations in Ëhe

relaËive ampliËudes from these two horizons. The second type of ampli-

Ëude study is the one considered ín Ëhis thesis and uËilizes Ëhe

variations in the absolute arnplitudes of a promínent reflection as

a criterion for Ëhe recognition of sËraËigraphíc changes.

L0
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FIGURE 6. PortÍon of a typical reflection seismogram



TABLE I. Measured Amplitudes from Monitor Seismic Records

Record 4Ll+ L+48 452 l+56 t+6o /+61+
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To :T\^to way time

S : Shaunavon

A : Amplitude
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Koefoed (1960) presenËed an interesËing report on absoluËe

amplitude measurements. He inferred that such a study could provide

useful information about the lithology of the earth model. To Ëest

whether a simÍl-ar method might be applicable in the study area, syn-

Ëhetic records Tdere prepared for three models with varying amounts of

H.S.M. (Fig. 10). A more thorough discussion of the preparation of the

syntheËic seismograms is given ín Appendix A. Results from this ex-

perimenË indicaËed that variations in the Upper Shaunavon could cause

measurable effects on the ampliËude of the Mississippian reflecÈions

and hence an absolute amplítude sÉudy might find applÍcation as an

improvemenË of the resoluËion of seismic data.
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III

AMPLITUDES OF REFLECTED TIAVES

Factors AffecËíng the Amplitudes of the Reflections

The amplítudes obtained from reflecËion seismograms are

affected by a number of facËors, all of which must be considered

in the type of study proposed here. Their effects are then evalua-

Ëed, the relíabilíty of the evaluaËion depending on previous re-

search, and corrections applied to produce uníform conditions from

one shoËpoint to another. Basícall-y these factors are grouped into

three caËegories: energy injection, Ëhe propagaËíon of the energy

through Ëhe earEh, and Ëhe instrument response to the energy arri-

ving at the surface. The factors considered in this study are

listed below:

A. Energy injection.

1. !treight and Ëype of explosive charges.

2. Lithological composíËion of the rocks in the explosíon area.

B. PropagaËion of the energy Ëhrough the earth.

1. lhe energy partítion aË each reflecting boundary.

2. I¡Iave attenuation due to absorption.

3. Dispersion, díffracËion and scatËering.

4. Curvature of the reflecËing boundary near the reflecËion

point.

5. lhe near surface laYer.

6. Ihe surface elevation.

C. Instrument response.

1. The geophone response.

19



The effects of Ëhe geophone array.

Ihe amplifier response.

FilËering, míxing and shot point arrays.

Energy InjecËion

To make an ampliËude study meaningful, correcËions have

to be applied to reduce the amplitudes of the r¡Iaves to a constanË

charge weight and to the excitation conditions of one shoË poínt.

AlËhough the energy released by an explosive charge may be estima-

ted fairly reliably, Ëhe effectíve energy giving rise to Ëhe amplí-

tudes recorded is difficult to esËimate and is, in general, unknown.

Quantítative relaËionships that have been obtaíned are of an empiri-

cal nature because of the difficulty in describíng mathemaËically

Ëhe accompanying processes which affect Ëhe formaËion of an elastíc

r^7ave. The dependence of wave ampliËude on charge weight for a fíxed

explosion-to-ínstrumenË disËance may be expressed by the formula:

A = cl^In(f 'I{)

where C is a proportionality factor influenced by the Ëype of

expl-osíve, the nature of the rvaves recorded, and the propertíes

of the medium ín which the explosion occurred; n is an exponent,

that is a function of Ëhe charge weight I,l and Ëhe frequency f of

the waves recorded. Ihe value of n varies widely during explosions

in reservoir (0.3 to 1.9) and boreholes (0.5 to L.4). Also, the

exponenË n decreases with an increase in charge weight.

During thís survey Ëhe charge ËYpe, weight, and depth

of burial were kept constanË. However, no record was kept of any

lithologic variaËíons in the shot medium and no information is

2

3.

L
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available about shot hole loading procedures. Judgíng from the

faLrLy constant ampliËude of the uphole break, and due to Ëhe lack

of information suitable for calculating the effectíve energy, Ëhe

conditions at each shot poinË were consídered to be uniform.

Propagation of Ëhe Energy

A study of observed ampliËudes in seismic work depends

upon Ëhe parËition of the ampliËude of an incident \,/ave fronË at

an ínËerface. The equations Ëo be used liere suggested by K.

zoeppritz in 19OB and describe this partiËion for a plane lvave.

The following is an application of this method in the sËudy of

arnplitudes of longiËudinal waves from seismic reflecËion records,

and folLows the development presented by GuËenbgrg (1936). The

emphasis of thÍs study is placed on longitudinal \¡7aves, since Ëhe

transverse I^IaVeS Ëhat are created as reflectíon and refraction

T,{iaves by oblique incidence of a longiËudinal wave at an inËerface

are polarízed. They have therefore no energy if Ëhe longitudinal

T¡7ave is íncident perpendicular or nearly perpendícul-ar to the

inËerface, and contain appreciable energy only for large angles

of íncidence. MuskaË and Meres (1940) calculated the íntensítíes

of the longitudinal and Ëransverse \47aves created at an elastic

interface after incidence of a longiËudinal l¡Iave, and more recenËly,

McCamy et al (L962) calculated soluËions of zoepptitz' ampliËude

equations.

lhe foll-owing discussion of the amplitudes of longiËudínal

r^7aves .l{as quoËed, wiËh minor changes only, from GuËenberg (1936).

2L



IL is repeated here because of Ëhe concise nature of ËhaË reporË and

its relevance to Ëhe amplitude study attempted ín this thesis.

Suppose that the energy is produced aË a point A (Fig. 11)

aË Ëhe surface of the earth, that the energy radiation is uniform

in all directions, and that Ëhe media are isotropic horizontaLLy.

No assumptíons'are made concerning the verËical direction since the

fo1-lowing argument is valid regardl-ess of Ëhe vertical velociËy

distribution. The Ëwo rays leaving the point A r,¡ith angles of

incidence i, and í2 dÍ'f.f.eríng by Ëhe small amount di arrive after

refracËions and reflecËions at Ëhe poinËs K and L separated by the

small distance dx.

To satisfy the assumptions, Ëhe same amounË of energy, e,

musË pass through each unit area of a sphere about A wíth Ëhe very

small radíus, r. The zone, Z, orr the sphere due to Ëhe cones of

rays between angles i1 and i2 Ls:

Z = Z¡rrh - /rrzd¿ sitti

22
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The toËal energy beËween the Èwo cones ís eZ. Ihe energy is split

into Ëhe longítudinal and transverse reflecËed and refracted rvaves

aË each reflection and refraction of Ëhe rays. T.eË F be the factor

gíving the raËio of the energy flux along Ëhe paËh under consídera-

tion, influenced by the refractions at DE and Hr and the reflection

at FG. FeZ becomes the total energy arrivíng at the surface. At a

distance x from A ít is spread over a zone of wÍdth dx, wíth.area

ZrYðlr = Zjr XdXc.osi perpendicular to Ëhe energy flux. The energy

per unit of area ís:

e - FeZ - -2o Fdi grni, - c JCi *^.t=Z:ffit = r e )aãx""sr. - Ljf,dlrant

where: C is a constant for each explosion and is a

function of the effective energy.

Ihe amplítude of the ground motion is proportional Ëo (g)L tor a

given period of the approaching r,{ave. The dísplacement of a par-

ticle aË the surface is due, not only to the ampliËude of the

arriving \¡rave, but also to Ëhe movement of the tr¡7o \,,laves reflected

aË Ëhe surface. The angle of emergence and poissonrs ratio must

therefore also be considered. Letting B equal the factor by which

E musÈ be mu1-tiplied to obtain the amplitude A of the ground in

a given component, the following equatíon is obËained:

¡ = cB ( ,l*l \Ë),'"

where: C is a

period

aË Ëhe

function of Ëhe original energy and the

of Ëhe wave i is Ëhe angle of emergence

disËance X.
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To approximaËe Ëhe corrections that must be applied to

the ampliËude data obËained in this study values for C, B and F

musË be obLained. From the previous section on energy injection

C may be consídered constant. B may be calcul-ated as a function

of i and Poisson's ratio.l lrh"r, this ratio is equal to 0.272, a

good approximaËion in most cases, Ëhe values of B for Ëhe verticaL

component of ground movement and for i = 0, 5, and 10 degrees are

2.00, 1.99 and 1.97 respectively.

Ihe energy ratio between the reflected or refracted

longitudinal wave and the arriving r¡rave aË each point of reflection

musË be known to calculate the facËor F. For verËical incidence

the energy ratio of the reflected energy E=' to Ëhe arrivíng energy

ist
E'- (PzVz-P,V,)-
E* - (gz Vz + g,v,)"

where Q = densÍtY in the medium

V = longitudinal velociËy ín the medium.

Neglecting the effects of density, the factor F for this case is

Ëherefore equal to Ëhe values of alpha calculaËed for the impul-

sional synthetic seismogram with attenuaÈÍon. McCamy et al (1962)

showed Ëhat the densiËy effect may be negl-ected wiËhout introducing

seríous errors.

details see for example:

. 4, pp. 42-48.

B. Gutenberg, Handbuch der Geophysik,1 Fo.

Vo1
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For the case of T,^7aves reflected from the base of a

homogeneous layer iË can easily be seen from a diagram Ëhat

tonL --f_', ond * =+
SubstiËuËing these values inËo the equation for A the

following expression ís obËained'"-; 
=".; "ä,- ( F) )''

Nearthe shotpoíntB= 2.00, cos i= 1 andC= 1. Theamplitudes

in Ëhis region will therefore be approximately proporËional Ëo

7-

l/ð(E)". The factor F wíl1 decrease slightly with íncreasing i,

reach a minimum, and then increase slowly. (et this poinË the de-

velopmenË deviaËes from Ëhat presented by GuËenberg (1936r. An

empirical formula thaË gives F exactly for i = 0, and approximately

when í is less than 0.7 tímes Ëhe critical angle, mâY be expressed

as follows: rF. = l[=",| .(r-.oooriz)!'.t L I
where: i must be less than 0.7 times Ëhe critícal angle.

Applying this formula for the value of F = 0.20113

obËained for the Mississippian reflecËion from the hígh speed model

syntheËic seismogram, Ëhe calculated amplitude response r¡7as

approximately 0.922 and 0.982 for i equal- Ëo 10 and 5 degrees,

respectively. The values agree fairly closely wiËh Ëhose published

by McCamy et al (L962), curves 8 to 10, when the medium above the

MÍssissíppian reflection ís consídered to have an average velocity

of L2 to 14000 fps., while the Mississippian interval velocity

ís 20rO00 fps. For a more precise approximation of Ëhe amplitude

1
From The British American Oil Company Limited Ëechnical file.
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response the lhomson or Haskell maËrices, which approximate the

arnplítude response of a layered earËh model, might have been

employed. However, f.or the accuracy requirements of the presenË

study, the amplitude response developed in thís section \Á7as con-

sidered to be adequate.

To determine the attenuation (a) a correct'ion was com-

puted using data from the report by Attewell and Ramana (L966).

The report T¡ras a surunary of al-l published and unpublíshed daËa on

atËenuaËion and inËerval friction in roclcs. The resulËs were

presented as a graph of attenuation in db per cm. and frequency

(Fig. 13). The analysis of data lead Ëo the following conclusions:

1. AtËenuaËion is dírectly proportíonal to frequency.

b*= 5*to-7(db,/cm) Ço, lo-3-Ç<l0o (R-waves)

2. AËtenuation ís approximatel-y proportional to frequett"y (Ço'qt)

b- lo-s (åurz.*'") ço. l0o.t.l0B (P-wau"s)

3. AttenuaËion is directly proporËional to frequency.

b = 2*10-6 (db,/cm) Ço" lo-j t Ç ' ìDB (Ror,òP.^ves)

*b i" the constant of proporËionaliËy.

4. Internal fricËion (a) is independent of frequency, a mean

value being 4.7 x 10-3 over the frequency range

to-3¿Ê.¡07 (qs,e.,u¡. Attenuation is related to ínËernal

fricËion by Ëhe expression:

(r-= Ð /zqG.
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vrhere rr = angular frequency

C1= phase velocity.

Using a value of 50 cps. as the dominant frequency

component rhe spatial artenuation f actor o = b(Ç)''t'l= lot(so)o"tlb/.*.

Assumíng straight line paths, the energy reaching the surface at

the furthest poinÉ from Ëhe shoË point location, from a reflector

at a depth of 4700 feet (the MississippÍan evenË), should have

ËravelIed approximatel-y 200 feet (6096 cm) further than Ëhe energy

arriving at Ëhe nearest geophone group. Ihe attenuation resultÍng

from these conditions equals 1.06 db. or a ratio of 1.13. Hence

the ampliËudes observed at the furthest geophone group must be

increased by a factor of 1.13. A graph of the variation of

attenuation wíËh distance travelled Ís given in Figure 19b. As

Ëhe angle of incíderrce increases the travel paths will become

curved, and Êhe acËual distance the energy pulse must travel will

be somewhat larger than that used in Ëhe sËraight line approximation

above. However, Ëhe accuracy of the computed atËenuation relaËions

as gíven in Attewell and Ramana (L966) does not r¡tarrant a more

thorough investigation in Ëhis study.

The effects of attenuation due Ëo absorpËion as discussed

above may be selecËive as to frequency, that is, larger fractions

of the lvave erlergy of particular frequencies may be absorbed Ëhan

thaË of others. In a perfecËly elastic medium, all frequencies

would be transmiËted without absorpËion. However, in Ëhe earth high

frequency seismic r¡raves are absorbecl to a much greaËer exËenË than

1ow frequency r,raves.
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Dispersion is Ëhe effect of variation of the velocity of

a r^7ave with a variation in frequency. For an imperfectl-y elasËic

medíum such as the earth some dispersion is to be expected. Since

the earËh sharply limits the range of frequencíes Ëhat is Ërans-

mitted, only limited opportuniËy exísts for the observatíon of

díspersion. No appreciable effecËs of dispersion have been noted

by oËher authors and hence the effects of Ëhis phenomenon are not

considered here.

Similarly Ëhe effects of diffraction and scatËering,

defined as Ëhe creaËion of small energy hTaves produced when an

advancing wave fronË sËrikes free particles which are small com-

pared wiËh Ëhe wave length, are negl-ecËed.

The curvaËure of Èhe refl-ecting boundary near the

refLecËion poinÈ may have eiËher a converging or diverging effecË

on Ëhe ïraves. Generally, the magnítude of the curvaËure can be

determined from Ëhe reflecËion tímes. However, depth variaËions

too smal1 Éo detecË from the Ëime val-ues may be large enough to

affect the ampliËudes of Ëhe seismic refLections. Such ampliËude

variaËions may appear as anomalies in an absoLute ampliËude sËudy.

be fairly

compensate

lhe condiËions in the near surface layer were found to

constant in the survey area and no correctíons to

for variations ín this layer were made.

Similarly surface elevation variaËions rrere considered

to be Ëaken inËo account.too smal1
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Instrument ResPonse

In seismograph work most of Ëhe T.daves dealt wiËh are due to

transitory disturbances, so ËhaL the wave motíon may be a \,vave pulse.

The behaviour of r{aves, as f ound f rom experimenËs wíËh continuous T¡7aves,

can ofËen be applied Ëo wave pulses; however, the Ëheory of continuous

\^taves cannoË be used indíscriminately and every applicaËion must be

tesËed. A standard use of Ëhe theory of continuous I^7aves is its

applícation to linear arrays of multiple geophones. This type of

analytical Ëreatment gives Ëhe geophone response in a form that re-

sembles multiple antenna Ëheory of radio \^7aves.

several other assumptions must be made for the applicatíon

this Ëechnique:

Tlhe Ëime increment (At) from geophone to geophone in each group

remains constanË.

The geophones are equally spaced and uniforrnly planted.

The impedance matching must be correct (resonance is minimized).

The outpuË of the multiple group is the vecËor sum of the ouËput

of each geophone.

Following the method outlined by Hales and Edwards (1955)

[rrrìD
it can be shown Ëhat if a !\iave A sin(wt) travels along a line of n

equally spaced geophones Ëhe resultanË output can be expressed by:

O* = A It,n ( n,¡At,/z),/ sn('o àt/z) ] srnt'*'t)

The original ampliËude A is modified by the Ëerm in square brackeËs,

and from this modification Ëhe important críËeria of linear rnultiple

groups may be derived. If q is the term in brackets and Ëhe sËepouÉ

3I
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1.

7

3.
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time At is expressed in Ëerms of geophone spacing, x = VÀt/sin i,

then q may be more convenienËly given by:

I = s,n (n n D s'n r)/s'n (z D srn i, )

where D = ç^X
v

f = the frequency of Ëhe received disturbance

V = the veLocity involved.

For values of sin i = m/nD (m - 1r 2,3 ----) the response q will

equal zero. In the special case where m = 0, q wilL have the limiting

values of t n. For inËermediate values of í, q will oscillaËe with

values between *n and -n with rapíd phase reversal-s as zeto val-ues

are passed through. Figure 13 shows the response q as a polar dia-

gram sÍmilar to that deríved for a multíple antenna artay for radío

r¡Iaves. The values, x = 4Ot, f. = 40 cps and V = 5800 fps, as

estimaËed from Ïhe British American Oi1- Company Limited data, ü7ere

used Ëo consËruct Ëhis diagram. The emerging rays for i equál to

75,80, 85 and 90" are indicated. The responses of the geophone

array for Ëhese values of i are .877, .944, .985, and 1-.00,

respecËive1y.

To examine the response of the multiple group Ëo dis-

Ëurbances of differenË frequencies the equation for q may be

rewríËten as:

Q = sin (ncf)/sin(Cf)

where C = lTAx s\nL /V

The value of C is considered a consËant for disturbances arriving

32



D = 1.t04/n 1 Zero Response when Í = 64o56t

FIGURE L3. DirectÍonal sensitivity of a linear ¿rrray of geophones
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from a particular direction i. Figure 14 shows the response as a

function of frequency for values of i = 761 80, and 84". A dashed

line indicates the effect of the response, 9, for í = 76" on Ëhe

resulËant response curve obtained by the combinaËíon of the geophone

and amplifier curves. It can be seen thaË the posiËion of Ëhe peak

frequency response has been decreased to 90% and has been shifted

Ëo 38.5 cps from 40 cps. Ihís effect i,ríll become more importanË

as the angle of incidence íncreases. The program used for Ëhe com-

putation of Ëhe effects of the arrivaL of the energy at varíous

angles of emergence is gíven in Appendíx B (IBM 360).

DetecËor and shoË poinË arrays can be regarded as spatíal

filËers, which differ essentially from electrical filters in that

they díscriminaËe beËr¡een signal and noise on Ëhe basis of their

apparent wave lengËhs. Both filters are generally appLicable,

since noise events may have substantíal frequency content in Ëhe

reflection frequency band. To obtaín Ëhe instrument response in

the mosË convenient form the effects of both types of filËers I¡7ere

cons idered.

Srrith (1956) presented a thorough discussíon of noise

analysis and mulËiple seísmometer Ëheory. He shor.ved that Ëhe

muLtiple seismometer po\^7er response as a function of wave number

(the reciprocal of apparent rniave length) may be given by:

lH."tnl | 
' I

?14

srnz ,t Ax rrh (
sìn2 ax 11Þ, t F'3' l5)'

number of geophones/group
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ó * = Ëhe spacing between geoPhones

. ft = Ëhe wave number.

A computer program Ëo calculate Ëhe system pohTer response is given

in Appendix B.

The response specËrum of a compleËe recording and playback

sysËem ís Ëhe producË of the response spectra of Ëhe shot point

paËLern, Ëhe detector patËern, the spaced paËËern arrangement, and

Ëhe playback mixing. The objective ís to desÍgn the individual arrays

ín recording and playback in such a manner Ëhat Ëheir product yields

a response spectrum having a reject band corresponding to the noise

paËËern, while reflecËíon events are passed withouË appreciable

suppression. Onl-y the effects of the seismometet a:r:ray and the

effects of the el-ectrical filters need be considered in this sËudy.

Figure 15 shows how the resultanË poI^7er response of the amplifier

and geophone response (as a functíon of frequency) may be combined

r,siËh the po\,Ier response of the multiple geophone array (as a funcËion

of wave number) Ëo obËain Ëhe cornbined system por^ter response contoured

ín db (Fig. 16). Thus for any particular value of k and f the

sysËem pol¡Ier response may be deËermined.

The noíse and reflection events observed on the seismograph

may be classified according to Ëhe magnitude of their moveouË or the

related parameËer wave number (the reciprocal of apparent vlave length).

1,he apparent T^7ave length is the wave length sensed by Ëhe detecËors on

the ground surface (Fig. 17) and is equal Ëo Ëhe apparenË phase

velocity divided by Ëhe dominant frequency of the evenË. Apparent

phase velociËy may be defined as the disËance per unit time of

moveout on a record.
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Smith (1956) and noise studies performed by Ïhe British

American Oi1- Company Lirnited índicated that mosË disturbing noíse

events range in apparent wave length from about L20 ft. (k = .0083)

to 1600 ft. (k = .0063) and more. Ihe spectra of some noise evenÉs

are shown as dashed lines on Figure 17.

From the moveout of the Mississippian evenË k was calculated

to range from.00055 to.00097 cyc./ft. from Ëhe nearesË Ëo Ëhe

furËhesË geophone group on the spread. If Ëhe dominanË frequency

of the event were 50 cps (a good approximation from a po\^ier spectra

analysís of the waveleË used Ëo make the syntheËic seismograms) the

response of the system would be about 0.7 db (8.0%) lower aË the end

of Ëhe spread. This agrees fairly close1-y with Ëhe instrumenË sensi-

tivity as represented fry tfr" polar diagram ín Figure 13. Ihe insËru-

ment sensitivity is given as a funcËion of disËance from the shot

poinË in Figure 19C.

Data from Figures 13

more thorough ínvestigatÍon of

ment of Ëhe reflection event.

of Ëhis sËudy.

to 19 can, of course, be used for a

noíse suppression and of Ëhe enhance-

Hor¿ever, Ëhís is beyond the scope

Only the effects of the auËomatíc volume control (AVC)

remain Ëo be invesËígated before Ëhe over-all response of the

recording system can be esËimaÉed. The master conÈrol elemenËs of

the recordíng system are maËched to give the same reducËion in gain

for all amplífiers. This feaËure of Ëhe amplifiers makes it possible

Èo recover Ëhe original relatÍve ampliËudes of Ëhe recorded signals

thereby removing all effecËs of the AVC. The gain indicator trace

4T



is recorded as a functíon of frequency on the seismograph (Fig. 6).

A frequency of 30 cps. indicaËes full gain and a change of frequency

of 1 cps. indicates a gain change of I db. Hence an indicated

frequency of. 40 cps. would show a gaín reducËion of 10 db. lhe

following table gives an outline of the gain informatÍon obtained

for the Mississippian reflecËÍon (M) along Ëhe survey line.

TABLE 2. Amplífier Gaín Reduction for ReflecËion M.

ShoËpoínt Frequency (cps. ) Gain ReducËion (db)

444

448

452

4s6

460

464

30

30

32.5

32.5

32.5

32.5

0

0

2.5

2.5

2.5

2-5

Therefore, Ëhe gain vaLues from records 4521 4561 460, and 464 are

larger Ëhan Ëhose on records 444 and 448 by abouË 2.5 db or a raËio

of approximately 1.33.

Ihe toËal correction Ëhat musË be applied to the ampl-itudes

(neglecËing the effect of amplifier gain) may be caLculated from

Fígure 19d. The ampl-íËude correcËions for Ëhe amplifier gain may

then be applied Ëo Ëhe appropriate seismograph records as mentioned

above.
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IV

INTERPRNTATION OF THE AMPLITUDE DATA

ApplicaËíon of Corrections to the Arnplitude Data

The correcËions due to energy parËíËion, absorpËion and ín-

sËrument response (Fig. L9) were applied to the amplÍtudes recorded in

Table 1. The correction for gain variations rd¿rs Ëhen made for records

452 to 464. The resul-ting amplitude daËa were plotted as a function

of the positíon of the reflection points (Fig. 20). The average of the

ploËted points was drawn so that rapid variations of amplitude values

T^7ere smooËhed.

If the detailed analysis of Ëhe factors influencing the am-

plitude data had been omitted, Ëhe correction factors applicable Ëo the

daËa coul-d have been found intuitively from Ëhe estimated average curves

in Figures 7 and B. Ihis comparíson of correction factors is quite

favorable since the average correction calculated from Ëhe estimated

curves is very close Ëo Ëhe caLculaËed value (Fig. 19d). However,

knowledge of the instrumenË response makes interpretaËion of the daËa

easier and would help in areas where experimenËal conditions are noË

as uniform as in this study.

Conclusions Reached in the Study

As menËioned previously, amplíËude measuremenËs have been

used in Ëhe interpretatíon of seismic data. They may províde Ëhe ínfor-

maËíon necessary to establish the form of the layered earth modeL, detect

pinchouts, and even indicate lateral lithologic variaËions. It is obvious
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Èhat many factors can influence an absolute amplítude study, but a tho-

rough investígaËion of Ëhese factors can províde the geophysicist wíth

anoËher tool for the interpretaËion of seismic data. The usefulness

of thÍs study may come to light when Ëhe amplitude profile in Figure 20

is compared with the Upper Shaunavon Formation lithofacíes map presented

in Figure 21. Just south of shoËpoint 452 the lithology of the Upper

Shaunavon grades from a sandstone and arenaceous shale to a limy shale.

It is proposed that the change in the value of the amplitudes frorn 1.00

(ín sandsËone) Ëo about 1.70 (in shale) is an indication of this lÍtho-

l-ogical- variaËion. The sudden increase in amplitude just north of shoË

point 452 may be caused by a change of elevaËion of the Shaunavon and

the Blairmore (Mississippían) formaËions as índicaËed by the refl-ecËion

times. Koefoed (1960) suggested that a study of absolute amplitudes

may indicate depressions of the reflecting boundary. The value of Ëhe

arnpliËudes gradually decreases to 1"00 after the maximum at group 4 of

shoLpoínt 452. This seems Ëo indicate that the assumpËion concerning

the ínfluence of lithology on the amplitudes of Ëhe reflections ís noË

altered by the change in elevaËÍon of the MissÍssippian surface beyond

the region where the change occurred. It wouLd be of great inËerest Ëo

continue Ëhe study of amplitude variaËions in the areas where 1ímestone

is indicaLed on Ëhe lithofacies map.

SUGGESTIONS FOR FI]:IURE I^ÌORK

Comparisons of the absolute inËensities of waves and Ëhe mi-

croseism background make it possibl-e to determine the effectiveness of

the seismic explosion and to evaluaËe the recordíng conditions. Ihe use ín

inËerpretation of noË onLy the degree of wave aËtenuaËion with disËance, but
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also of the ampliËude inËensities of Ëhe r¡raves, makes it possíble to

compare daËa from disconnecËed profil-es. üIhen the phase spectrum of

the layered model is also considered, a uníque deLermination of the Ëype

of model can be made. The range of thicknesses of Ëhe layers thaË can

be dealt with and Ëhe accuracy of the resul-ts may boËh be increased by

the simultaneous use of Ëhe amplíËude and phase spectrum. In general,

absolute amplitude measurements are of interesË ín seismology, the phy-

sics of explosions, microseismic zoning, and the design of apparatus

for seismological prospecting.

As oi1 becomes increasingly difficult Ëo find, expl-oration

techniques, instrumenËation and daËa processing must necessarily be

refined. All Ëhe information desired is present in the complex seismic

recordíng. The problem ís the recognitíon of subtle response variations

and the separation of the facËors giving rise to these varíaËions. It

ís obvious ËhaË more sensiËive recording techniques (greater frequency

band pass) woul-d facilitate the solutÍon of this problem.

The absoluËe ampLitude sËudy described here has many scientifíc

applicaËions; its use as a tool for a lÍthologÍc interpreÈation of seismic

data needs to be ËesËed furËher. However, the observed ampliËude anoma-

lies are present and as such warrant further investigation. A frequency

analysis of the seismic Ëraces, a cross-correlation from Ërace to trace,

and addiËional information abouË the effective energy generated by an

explosíon would be imrnediate aíds in making Ëhis study more meaningful.

IË is suggested Ëhat a few simple experimenËs which could

provide informaËion about the facËors found to influence Ëhe ampLiËudes of
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reflected r¡raves, be conducted r¡rhenever seísmic exploration ís begun in

a ner^I area. The results of these experiments would be ínrnediateLy help-

fu1 in the interpretation of the data and would certainly facilitate

the reappraísal of Lhis data Lf any advancements on data analysis were

achieved.
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TMPIILSIONAL SYNT}IETIC SEISMOGRAM I,JITHOUT
MIILTIPLES I^IITTI ATTENUATION

Thís program r¡ras designed Ëo compuËe the reflection coefficient

VK, according to the formuLa

VK= Vn - Vn+l

Ç * v"*i

where VK = reflection coefficient related to the

interface between layers n and n*l

Vr, = interval veLocity in layer n

Vn1,1 = interval velocity in layer n*l

Part two of the program calculaËes the attenuation suffered by

the direct reflection at each inËerface. No aËtempt was made to intro-

duce the effects of mulËiples. The transmission coefficíent, AK, may

be represenÈed by

AK= (1 -vKl) (L-w) (1 - vK3)

where AK = Attenuation of the direcÈ reflection at

inËerface n*l

The sequence of values VK1, \II(2 . VK" represenËs the impul-

sional syntheËic seismogram without mulËiples or attenuaËion. The com-

puted sequence VK1, AK'VK2, " AKn-l'Vf,n provides for atËenuation

and represents the true reflectíons wiËh their Ërue relative amplitudes.

Approximations required to assure the validity of Ëhe seismogram menËioned

above are:
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- propagation by ll,ori,zontal plane r,{aves

- perfectly elastic medíum composed of. horLzontal layers

- constant density

- negligible absorpËion.

The programs and Program three could have been combined,

buË the calculation of multiples, in the event of any further work in

the area, would require Ëhe data in Ëheir presenË form.

SYNTHETIC SEISMOGRAM PLOT PROGRA}4

This program r/üas designed Ëo produce a synËhetic seismogram

by convolving Ëhe impulse response of the recording equipment wíËh Ëhe

impuls ional seismogram.
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TABLE 3 SrNTHETIC SEISMOGRAM DATA

FORMATION NAME
TNTERFACE

NTIMBER
vn Vn.l ALPHA

HSM Mode] No HSM Model

Belly River

Lea Park

Milk River

Colorado

2nd White Specks

Viking
Bfairmore
Cantuar Sand
Upper Vanguard
Middl-e Vanguard
Lower Vanguard
Upper Shaunavon

Lower Shaunavon
Gravelbourg
Vi/alrous
Mississippian

I
2
a)
l+
E)
6

7
B

9
t0
tt
12
-lQ
L-)

Ll+
15
L6
L7
r8
lo
20
2I
<a

¿4

26
¿l
28
to
30
?t
)1

)4
35
)o
37
38

5 .80
o.JL
6.57
6.73
6.89
6.lg
(.))
6.96
8.00
o.a (

8.00
7.32
7 .l+8
(.)¿
8.69
8.93
9.58
8. 58
8.33
8.13
8. 85
8.23
8.58
8.23
8.80
0'r?

9.70
9.00
ö.aó
8.98
8. B0

r0.60
13.30
10.00
Ll+.50

g. o0
L2.4O
20.5O

6'3t
6.57
6.lg
6.89
L rtc

(.))
6.96
8. O0

8.27
B. 00

7 .48
(.)¿
8.69
8.93
o Ão

8.5I
8.33
8.r3
8. 85
8.23
8.58
8.23
8. B0
8. 13
9.70
9.00
ô-¿ö
8.98
8. 80

10. ó0
L3.30
t_0. 00
r4.50
9.00

L2.l+O
20.50

.O|+2LL

.o20L5

.0r-200

.orl72
,0n7f
.04256
.02577

'069ú
.oL6/+3
.oL6L+2
,04392
,01067
,01067
,08449
,oL335
,03l+l+L
nÃ?oo

,oL442
0r185

'Ol+L36
'0353t+
,o2o2t+
,o2o23
0325r
03840
o853L
ú59e
0400
0388ó
009ó8
08877
ro715
]-3262
L6854
2075L
T33L5
20l-33

o42Lr

00968

o8Ì+27

L5IB9
2L6L+9
13891
20983
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C Ii'IPUL5IJiIAL Si,I5i'iI)OKA14 WiiI'i3U-I I"lULTIPLUS fJUl' WITH ATTLNUATIUII

¡) tli'ìi:fri5IL.rir V(50) s VK(50) ç A(50) I AK(50)

¡{Ll\U r5g iJ

i 5 i-ùiìirrAT ( I2 )

iiÊAii L0g (v(i) ' I : lri'l)

It ruRi'ìAI (ôf-I0"2)

C riErLËCTICN COiI.i. ICITNT CALCiJLATED NTXT

tì 1¡'¡ - lY I

3 ù0 f i: I ç í't

r VK(i) = (V(I) V(I + I)) / (V(I) + V(I + 1))

ùc ALiiHH Ji\E cAl-cuL/.TID NExT

A(I) : Io- VK(1) r( VK(1)

t/ü Z I=2rl'i

C ¡trLPIr¡\ CF TIlT_ FÙRill ALPH I X (I IiT SLJUAI1ED) CALCULATED NËX]

A(I) = ¡\(I - I) r{ (I"-Vl'.(I),tVK(I))

¡\K(i)=A(I-I)ì(VK(i)

2 Piìii\l-20s lc ¡\K(I)

2(t rUi<l\¡Al ( 3li A(si2r5l'j) = c I12.5)

CALL tX I ]

rl'rD
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ó,i,,t|'..,; :-.rYir:'lli[-l]L jr[.lSl'j'.¡l¡¡/ri.i l)Lt)l t.lìUG¡{Ai'1

trl¡\ìËll5iûi't X( Ir00) r VALUI ( i0t]) sY ( 100)

7'l .-ul,iI\tjr

JU I 1=Irl30t)

I ¡(I)=0"

2 r üRliA I ( 2l- 16. ¿l )

¡iLAD 1s Xiri/tX

ChLL PLU'l(1r -X!ìAXe Xl'1AXr b.r Xl.lAXr 0.r L25O.tL4.54 r 50.)

3 i--ufìi'ìAl (214)

iiLAi.z3s NOPTST ¡'.,¡CFirlAX

¡\UI=NCPT5-NOFþìAX

C--------liIADINc iN VALUËS wAVi:LË]

11 rrj¡rl'ìAf (Ui:-I0.2)

irËAlr.I7ç (VALUT(i),i=lcNIPTS )

i"CAD 3 g NOFSPK

üU 99 KLÈZ= I sir¡0FSf'jK

lr[-AD2r SPIKIc l\TIME

i'jO5'l =í\T I i'i¡:-lrOl'lviAX

irOtNJ=fr,lO5 I +i:UP I 5

. i =0

i\O5-¡-X=ljO5T+ 100

i'¡OËN Ù=i{Of:lvD+ I 0 0 - I

Dü 33 L=itlOSTX g NCEí'iD

l=1+I

LL=L-I00

IF (t-L) 33 s33c44

44 Y(I )=VALUE(i))iSPIKE

XL=Y(i)

YY=LL

,\(LL)=X(LL)+Y( l)
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3l Lüiì] lt',Lrc

9,J uùil I i;.rUL

u0 55 I:Irl250

¡I=I

=X ( I )

55 CALL PLOT(90sXLsXl)

CALL PLOT (7)

GÛ TJ 7-I

Èr'Ji-l
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il)

C ¡\L5PJi\5t: ùl-- A l''¡.jLTIPLt 5tI5\'Ui'li:Tt'i.f( ARiìAY TO LI!Etì(ìY l{ITl-i VARYIi\G
Ai\tuLtS Ul' LvirRGrí\CL:

2 ric/rl-.¡(IrI)C

i.,.-i I t=2 IslUlr5

r-1

l-:F-i"0

iif:.5P : 0" 25À ( Sl \t(4"*C*3.I4 L's920xF\ /5lN (Cxi. i4I5 q26)tF l',t

7 lv¡i.iT¡-(3ru) FriiESP¡C

.riuf'oRl'rAi (1sl-1 AT ll'lË l.RËlJuIi,lcY ¡FB.2rI7H ]"HE tìtSPONSE I5 rFI0.5r

r2'Jh lF U'\IT iìESPO|.jSE i'OR A C uF çFIO"5)

I i-Uiìi'rA'i(FIó"8)

b0 Tl 2

999 CALL ÊXIT

¡_i',¡u

,0o I6 i

"00I43
.00120

.00c96

" 00072

"00c4iJ
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/^ \

c /(.)þiir tit spoi.,5L iit- ItJ|ral I pL[, sE I sr r-¡pir, f tR /\tìriAY

t-ril-L i']l- OI ( I0I,0o s " 06 c I L o s o 01r-100" ç 0u ¡ I.0 ¡ I O",0)

CALL 5I¡I f: T (O ç I )

A = "u625

iJu 'l I = IlróUIri

C= i

c = (c-I.)x,(J001

IrJP = SIN (I['0, X'3" I/*1592ó]tCl t')t2

üfj\Uvi = SIN (/rùo x.3 "1,4Ij926)rC) **2

PûwLr( = AxTtlP/DEi'rOM

Pûu,rLR = ALOC I t) ( PtJi,ER ) ,\ 20. O

7 CALL PLOT (90 r C r PO'nER )

CALL rX I T

tr-¡\U

s l-oF(¡\;Al (r6l-i A1 l.HE \/'lAVË N0 qF6.7¡29H VllE HAVE_ A pOhER
¡iESPONSE 0F r.

iI. IO.bC IOF:I DTCIÜILS )

1 PLJNC-l tlrCrP0i{HR

Elr,DX

6T


