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Y

R study the attenuation characteristics of the crust

.\\\thg\transmissiOQ~

n. -

.
‘v

///g up of seismic

A

EX O
I

) evaIuate the,response of a multidiépiné layered media.f‘7‘

ABSTRACT
J.

, o

-

- The spec r%l ratiomethod is used to iqxgstigate

-r'haracterxstics-of t‘he“crust {

., N5

1tipns in Alberta. Various md&él

o

"

cruetal spectral ratio HUS1ng a Haskeld—Thomson matrix;
. P , [ )
formulation have been-cofparedywith the experimental

3

ones.

. _ u - SO | %

The implications of a simplexform of seismic,

°

anisdxropy in plane parallel layered media have been

investigated In the fbw frequency Eand ppropriéte .

J,

-~

to the P coda of most teleseismic events( transverse

«

ansoLropy does not have .a SLgnificant effect ‘on

A

spectral rataos.' A ray theory'approach-isJused to

.

. A computerized method is used to obtain the number of

terms necessary in a partial ray expanSion to approximate
the wave solution for a flat 1ayered case-. Model studies
indicate that avflat-layered‘assumption is-valid for

dip angles.1ess‘than'lo°.n:However; low velocity‘

‘layers dipping as much as 10° introduce Significant

- troduced into a’HaskellhThomson_matrix_formulation to

~

'shift 'in peak positions. Complex velocities are in-

' Comparison of experimental spectral ratios w1th the

a

) value of 500 ‘in the crust

'attenuating\spectral ratio model favors ~an average QP

S

Cdve o
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/ . Analysis of seismic station recordings near’

EdmontOn, Pine Lake, and Rocky Mountain\House suggests

4

o

The station near Trochu'ahd Delburne indicates a .

-~ complicated structure in the upper crust.

or anisotropic layered'media have been obtained for an

?’precursors_up to 2 seCOndSpbefor the pure shear

the presence-of-dn-approximately35—km—thickcrust:

very heterdgeneous'structure; Azimuthal deviation

4

. ' . . i . -
measurements and record character suggest that the

anemalousvresults are due tdISteeplngipping or ﬁore

L

-~ ) .
. Synthetic seismograms for ‘attenuating isotropi<

)

" input planelP or S wave by- taking the ihverse Fourier
‘transform of thé'transfer fundtlon calculated by a’

-Haskell Thomson matrlx formulatlon., Model selsmograms

o
have also been calculated for dipping layered medla

- using asymptot1c*ray theory.f When'an s’ wave lS'lDCl—

‘dent: at the bottom of the layered medla, conver51ons .

-

at varlous 1nterfaces rause a ser1es«of precursorsuto

.S wave; .On the vertical componént of'displacement)

the main "S" arrlval may be 1-6 seconds later than the

- a

'precursors for a contlnental crust" At some eplcentral

dlstances a sedlmentary layer may generate yery strong

Ay .

5?riual£"This'result appears to eXplain'manyaincomsis—

tent interpretations in the study of shear waves.

Ry
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Y« CHAPTER 1 " <

. "" - v o . . b .
INTRODUCTION = = N

1. Object\of thlS work

In selsmology a study of the tragsm1551on of

~

,elastlc waves has been one of the challenglng r search

the deeper parts’of the harth - 8

areas. ThlS branch of GeOphy51cs offers @ dlréct or
[/

.lndlrect measurement of parameters of the Larth s ¢

Y
)

S

1nterlor. Selsmologlcal measurements have shown ‘what
the 1nterlor of -the Earth can bc dl&&fed rﬁto several

dlst;nct physical and. cﬁemlcar//hells The outerupart

5

.,of the Earth whlch is about 50 km th}ck under contnnents |

de 5 km under the oceans has been named ﬁhe crust.v 'im

ThlS reglon is separated from the upper mamtle by a -

well recognlzed dlscontlnulty called the, "Moho". ~£Epid' 3?”. N
u

varlatlons in the propertles of the crustﬂare also well ‘y:’,i!

o o Y ¢
; ? .

known. Mountalns and their roots, deep oceans and other

)

complex tectonLc features create dlfflcultles when . i 'ﬂ,;f

TN

-rnterpretlng elastic waves that have passed through % \"

v

A

[N

]

It.is useful sometlmes to express the reCorded"
E v (J

teleselsmlc 51gnal as a convolutlon of a pUIse Wlth a
.9
transfer function representlng the transmlsslon charac-n

. o
: LX) ’
Y -+ -

hterlstlcs of the crust near the receCr lng,selsmlc-

:
statlon. There are a number of theoretlcal technl@ues

for calculatlng the transfer functlon of layered

1,
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media. These methods have been extended to yield
complete wave solutionsfor an incident plane wave
u o ‘

on a plane parallel'layered media in which seismic

‘aniSOtropy and attenuation may exist. In this thesis- '

4

'the problem of a, dlpplng layered mednm1has ‘also been

1nvest1gated 1ndependently. The models used in thls

work are assumed to be homogeneous and the layers

are’ separated by flrst order dlsconﬁgnultles. A

comparlson between theory and experlment has been . .

attempted In thlS way 1t is hoped that the trans-

,
.m1551on characterlstlcs of any crustal sectlon may be

determlned. A number of synthetlc selsmograms and

spectral models prOV1ded-1n thlS ‘work should help

,selsmologlststb understand the wave modlflcatlons that

are produced: durlng transmission of a wave through a

- >

jlayered medium,

2. Previous work e L :
oy

: I

Observatlons on the effect of thq.crust on wave

a

'transm15515h has proceeded since the early days of

ser;mology.' Among these T-namura (1929) studied the

»v1bratlon_of ‘the crust usiryg selsmlc waves from earth—

quakes, Nasu (1931) ir vestlgated the relatlon between

the perlpdwa selsmlc waves and the type of 5011 ‘”',_;

v

'Gutenberg (1957) also studled earthquake damage and

_ N
1ts relatlon to the type of s01l Nuttll and whltmore //

v

\
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'\/_ _ : L B
(19Ziy/I962)§&nvestigated the polariiation angle

betwken P and S waves and suggested frequency depené

dent polarization angle. C
A ridimber of authors attempted to calculate the

’

& L : :
theoretlcal response of crustal structure. The crust

is assumed to fon51st of a ‘number of layers. In the
%4,
£y
. . Y
early‘days, great Smellflcat%ons wer made to obtaln
2 .

a sodution [Sezawa :and _ Kanal (l 32 1937)]
omson (1950) and Haskell (1953) were the flrst to
formulate the frequency dependent polarlzatlon angle -g‘
characterlstlcs of “a- layered medlum They expressed the
response’ of a.plane parallel lSOtrOplC layered medium
to an 1ncom1ng plane wave at any amgle of ° 1nc1dence
u51ng products of four by four matrices whose elements
are a functlon of parameters of each layer and the boundary
.condltlons; Dorman (1962) formulated the solution at
a boundary between a llquld and a solid. Harkriderland{}
Anderson (1962) obtained the response for a transversely
-isotropic med: im -
Fast~d: yital computersbhave~made'it“practical
‘tovuse'the'Haskell—Thomson matrix method'for modelling
a_cruStal seCtloniWith any number of'layers.' Phinney
.(19653 comparEd'the ratio.of lone-perlod'spectra of "
vertlcal and horlzontal selsmograms with a number of '

'models calculated us1ng the Haskell Thomson method

~



The 1ntroductlon of a spectral ratlo technlque mas a .
significant breakthrough because it ellmlnated mostr
of the ‘source. function effects:,Hannon (1964) first
attempted the cafculatlon of long perlod synthetlc'
selsmogramflby taklng the inverse Fourler‘transform
of the transfer function. Fernandeg (1967)‘used»
speCtral ratios for long-period data giving model
~ curves/to determlne crustal structure. :Leblanc'(l967l'L
discussed the lmportance of a. w1ndow for the high
frequency portlon of the spect um using the spectral
ratio m%thod . Mctamy (1967) ttempted to apply transfer
"functlon analysis to determlne crustal structure uSLng
explosion sources ElllS and Basham (1968) applled the
spectral ratlo method 1n an attempt to resolve crustal
structure in central Alberta.~ HasegaWa (l970 1971)
‘used the spectral ratio method tQ*model the structure
“at Yellowknlfe Ibrahlm (1969) made use of the Spectral
-behav1or of SH wavesto determlne crustal thicknesses. |
,Kurlta (1969) used long perlod waves in an attempt t¥
find crustal and mantle structure.’ IShll and Ellis.
(l970) formulated the response of 51ngle dlpplng layer

[y

\over ‘a half space and Rogers and Klsslln er. (1972)
4

applled this ray theory/to earthquake dat . J%nsen -
1
(1970) applled llnear fllter theory to calculate the

5 response of a layered medlum in the tlme domal to
reduce the ;neffrc;ency\of the Haskell-Thomson method.

A



Sprenke (1972) studiednthe transmission characteristies .
of the Alberta crust u51ng the Haskell- Thomson method

In thlS study the Haskell Thomson matrix method
and a ray. theory approaeh were applled to earthquake
data recorded by'University of Alberta ln 1976. Impli—
catlons of ‘an anlstroplc or dlpplng crustal model areq
‘dlSCUSSEd' Comparlsons are made between the completed
wave solutlon and a partlal ray eXpan51on and criteria for a
satlsfactory solutlon have been established both in‘the’
_frequency and the tlme domaln. _High freqnency theore-

tical selsmograms were obtalned by Fourier inversion of

Haskell-Thomson matrices: u51ng a synthetlc pulse.

e
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CHAPTER II
- TRANSFER FUNCTION STUDIES

I. Crustal Investigation using the,Spectral Ratio Method

3
i

1.  cCrustal transfer functio” S
In the tlme domaln, acford‘ng toafilter theory,~ v

c.:e transmission of a plane elastic wave through a
ednmlcan be represented ‘as a convolutlon of a pulse
'Wlth a transfer functlon representlng the elastic

.

response?of the medla..In the frequency domain it can be

" written as
R(w)'=',P'<w,).,-H(w'>'f-'_' L ¢ §

where R(w) 1s the frequency‘response of the- medla.tO’

a pulse P(m) and H(w) is the transfer functlon. It
~_has generally been assumed that crust of the Larth has
’been made of a. number of layers separated by flrst ‘and.
second order dlscontlnultles.f For such a- layered'
"medlum transfer functlon calculat}ons can be performed
by a’ number of methods. :The Haskell Thomson (1962) |
matrlx formulatlon glves a rapld and exact calculatlon
of a transfer functlon for a plane parallel multllayered
mednxnln whlch seismic anlsotropy may ex1st.‘ Gllbertv

and Backus (1966) formulated another matrlx method in ’

vwhlch the Haskell Thomson method is a spec1a1 case.

O
*
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~ One advantage of this method.is that a medium with second

order discoentinuities is allowed (Rlchards, l97l)
.Ray theory ‘can be used to Calculate the response of

layered media (Hron, Kanasewrch Alpaslan, 1973).
. s
A ray solutlon can be applied successfully to dipping

A

or curV1llnear 1nterfaoes prOV1ded that a suff1c1ently -
large number of rays are 1ncluded in the response.

In?this thesis both the Haskell-Thomson matrlX'formu-

2

.latlon and a ray theory approach have been used to

" determine the response of - multllayered medla to a

[

plane wave impinging on the bottom.

ln eduation (1), the natdre/of’the source pulse
. 18 generally not known in practlce and an incorrect
assumptlon can serlously alter the ‘response functlon.
1f the vertlcal and radlal components of partlcle
'motlon can be calc lated then the ratio of these two

components w111 be 1ndependent of the source . pulse.

RQ(@)‘; Hv(yy T o - : 23
R_(w) T H (W) T a 3 ° SR

Equatlon‘(2) is called the."transfer ratio“ or the

;" pectral ratlo ‘Both terms are used in thlS thesrs.
In practlce the_xertlcél and horlzontal components of
ground veloc1ty are generally known, then . the left

~hand 51de of equatlon (2) can be determlned and compared
v 4

to the rlght hand 51de of- the same equatlon whlch -repre-

'sents a partlcular modelw



“fz s £ & - $
2. Haskell-Thomson matrix.formulation .

2,

. ) St '
Periodic solutions of elastic equations of’ N

motion for ‘the nth layer may be-obtained‘by combining

the dilatational wave solufion in the k—z_plane;_

_oauy ] ow, . X I S -
S (%) 7057 = explin(t =110 4 exp(-iur, z/c)
SR ey exmliun, 2] S
. . ‘ - r

with the-rotatiohal-wave éolution}
"

. _1,0u. 32'; o l_vi o ' ';.' _
- "5L§E axlf ?xp[lé(t .c)l[Qoﬂ1exP(-}e§Bmz/c)

\\_ + Q4 explivrg z/c)l 7 (2)
0 ) :
 Awhefe‘qu; are the horizdntal and vertical radial

components of displacement,)ra,_r are the cot. of

B
' the angles of direction of propagation for P or S
.ve )

waves. from the z axis Q :
M rom = -Se 8 ou’ . od’ ou

od’
/

© of.:up and downfgoing_plane waves and c is the apparent

are amplitudes

<o
A

, . .
wfhorizontal) phase velocity.
For layered media , . the boundary
conditions at the interface between two layers are

that the disélacehents'u, W, ahdvthé nbrmélfand shear
. . - ) ,. . A : Vs P V" :
.stressés, Pzz,asz are continuous. Haskell (1953)

has found that the velocity displacement and $tfess

components-(Pzz, sz)~£n.mat:ix form at mth.inte;face

¥

are: o k
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[(gg (é) P | P ].-— D  f(6‘ +0 ) (0 - 0 | Y o el
c’rie’ 't zz! Tz T M ou “od’ '‘"ouwxod " . T
(Qog = oy Bogt Rou) ] (3
S ' o< ‘
where the factor exp[lw(t-—)] is omitted. u, w are
tlme derlvatlves of dlsplacements and D is a 4 x4
matrlx whose elements are given expllc1tly .Equation
(3) méy be rewrltten as o
o ("I »C‘ ' . ‘
.V_. = D_H o : ' (4)
""*\.'ﬁ'v' ‘ ) . ’ ¥ . “ Ve ‘
flwhere vV, a@nd H ~are ‘the column matrices. At the top of

/ .
the layer, due to the boundary condltlons, the equatlon

/ : o : : 2
to be sat1§§1ed is - : _ -

LS ’ | |
where mat(ix‘Em 'is .obtained by substituting z'= 0 in’

“

e g trik’D' ‘ Substltution of equatlon (5) in equation -

<
oy 91

(4) for H ylelds.

“ . R - : . . !
V_ =D E_lV L =av | o (6)
. m . mm,; m-1 mm-1 - ; :

’

»

‘This recursive relation can be repedted fromJthe,n’th
lgyer “until the surface is reached:
V, o=aga q..-..aVy . . (7)

Using equatibn (SQ,'amplitudésvcan be expressed as -
el

; ﬂT;?n = En ,n l n~2""'élvo i - - (8)
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where matrices (a) are known for each layer. °“If an
incident plane P wave with unit‘amplitudé is desired

ir. the half space, this is obtained by setting Gou =1

-

Nd 6 = 0 £ = 0 is the column matrix-H_.
odp odp ou - : n

Stresses at the free surface are made to vanish by

-'setting the components of Vo:(P22)0«= X??x?d3= 0.

Then the .surface displacement can be calculated in

~ terms of the input amplitude for vertical and horizontal

bd

components:

TVP(wf

[
8

» n e “ :

]




2(J
STV (w) = 12 22/
S anB
{10)
%00,y —Iyy) )
TWo (w) = —
- i YR
.
2,2 S ’ S
where Y = 26 /c”, o and g are the P and S wave velo-

v,01t1es reSpectlvely e

When P and S wave veloc1t1es, density and.the
. . \
‘thickness of the layers are known, equations, (9) and
(lO) can be evaluated numerlcally to obtaln the
response of a layered media to an 1nput P or S5 waves.

The behavior'of the”transfer functlon-has been inves-

tigated previously (Alpaslan 1968, Sprenke 1972).

The_mednlus of the transfer‘function has several 'eaks:’
~and troughe ln the frequénc& demain whose amnl‘tude and’
‘peak position changeiwlth layer thickness,and he phy---
sical prOpertiesvoﬁwthe medium.f TheQdé%sity of the

layers and the angle of incidence do not cause a

psignificégg\iZiit of the peaks but the amplitude -
changes can b otable. Therefere, for'a crustal‘

ilnvestlgatlon u51ng the transfer function method ay

number of selsmlc sources located at various distanc 5
‘can be gtlllzed. For a given veloclty,vthe den51§y of
.the layer. can be‘appreximated elosely by uslngvemplrl—

~

cal data. In this thesis a velocity—density'curQe

e

(Nafe-Drake, l959)<was used to specify the densitiesv”‘



of #axious'layeré. By varying the parameters of the
: . 1

media a good-match may be found between eXperimentél
data and several non-unigue theoretical models, and

1

Within a given frequency band a numberlbﬁ'models can

be found tg7fit-experimental'data. This method 1is -

i

~not a direct method for crustal.investigation, however
it .can be applied as a @iagnbstic tool to choose
‘ - -

. between a number of models.
S ‘A Fourier transform of jthe transfer function is
4 . v . Kt

-called an "impulse response“. Since‘alliphases can

Y

_bé‘considergd as a dela and moj}fied\fofm of the

first arrival),-all phases form a /time series in which
| ‘ . ‘ | | € | §
the delay times, 71, introduce an.#éscillation period:

-

R

- e

L e

Therefore large delay times correspdnd to long period
waves while short delay times contribute to the high

/

frequencies. Path differences between one or more
phases will determine an- interference pattern in the v
frequency domain. ' For example,. if At is thé'péph

\ ‘ : . _ : ‘ :
diffe;ence.§@tween two rays arriving at the same.

receiver,'ﬁhen the phasé at a particular frequency (£) oS
will be:
6 .= 2n(fat + n) . no="0,1,2,.... (12 //\)\
‘ N

' When a fHumber of rays are considered, phase contributions .

*are much more complicated._ The Haskell-Thomson matrix



i
R
‘:4.‘{"n -

R

formulation yields this interference pathern in a
straightforward manner. ' ‘ - A

o " . .
P, } : J

-

3. Computation of experimental'spectran

Aol

In“this thesis, earthquake data recorded by the

. Variable Apergure_Seismic Array (VASA) in central

Alberta, were-used to compute the experimental epectré

and to'determine the transmiss%on charactefistics of |

(:the crust ln this region. Earthquake data haVe three

components of ground motlon. One 1s‘the vertlcal and

others are the horlzontal components oriented in the

 N-S and E-W dlrectlons. For thlS study, distant earth—

¢

of a wave front increases with the square of/increasing

7

‘are valid for these earthquakeS»provided that the wave

front is not diffracted si@nificantly,by‘deeper struc-

. tures of‘the'Earth; Discontinuities in the mantle are

14

‘quakes were chosen (A>50°). It can be shown'tE;t,the‘surface

distance from a source. Therefore plane wave assumptions

well separated from each other. The P, wave vélocity in*‘

the mantle drops slowly from about 8.0 km/seéc, formind

a .ow Velocity‘region‘at a depth of about 100-120 Km.

¢
Thereafter the veloc1ty 1£2Xeases smoothly except at

é

depths of 4pO and 700‘km where there are second order

-

di%continuities,. Accordlng to ‘wave theory, there is

,1n51gn1f1cant conversion of elastlc waves at these

.



.

. Therefore we can assume that a pur

incident at the bottom of the crust.

\

discontinuities for the frequencies of interest.

ane P wave is

ARy deviation
: ‘ LY 2y .
of the wave front from a plane wave w lﬁ introduce

errors into the spectral ratio method due to thé:

‘spatial variation introduced. Earthquaﬁe»sources\\

at about 90°- 98° away were also used. According
to the geometrical ray theory, these events yield

. . . .0

waves which‘graze the mantle-core. boundary. It

was assumed that diffraction of elastic waves ‘due

o

to diffraction of'the‘mantlchore interface is

, negllglble s1nce waves w1th a wavelength of 4-80 km -

fre belng used LT

Y

LN
S;xty seconds of dlgltgfly recorde

each of three components nsié been taken fov !ral

analysls;'irhe 51gnal level in every channel has been
found to vary rapldly; These ‘variations have been-
corrected by'bringing 51gnal<level downrto the mean
value.‘.The data usualiy.startshone second‘ear}rer |
than the flrst P arrlval tlme. sting the horiiontal”
components (r (t),‘rE(t))'anc statlon—source a21muth

(of, radiaiv(rR(txo and transverse (rT(t))”components

“werercalculated:

H
N
i

rN(t)_cos ¢‘+.IE(t);Sin‘?

oo a3y

2]
G
1Ry
¥
G

sin @ - Iy (t)

rp(t) = xy cos ¢ 1\¥\¥ -
- . v . . LY B - . .



The-beginning and end of data werke tapered by a

cosine bell _n order to reduce an amplitude contribu-
tion of a sharp dlscontlnulty at all fre encies.
Using a fast Four;er transform algorxth;fiéenclemen
and Sande, 1966), raw power spectr .Awasvcaiculated
.from the'Fourier~coefficients. The.finite length of
data available imposes a time window W(Ey) s
- rS(t)af r(t);W(t)' - ‘g/ g | - (¥4)
where the w1ndow length can be varred dependlng on:
'v-varlous purposes.a After 60 seconds of a tapered
drectangular window, another w1ndow was applled to
the auto correlatlon functlon in ths ?ame lag domaln
(T)i_ The w1ndow_chosen rs the‘Parzen fnnctlon which

has a form»of - . ""-, \
. : c ' . : ' ‘ . ’ .
2 3 o
fl_G(Jr_T_J..) +6(-‘|El‘|_) ) . IT’ < 4T

S v

. W(T) = 2(1"'{:{1— . = | %Tm i!.[l < 1
(15)

where Tm is the maximum t1ﬁ5=lag.f Such a w1ndow,'
1ncreases the rellablllty of the Spectra and the .
Parzen w1ndow has - relatlvely small slde lobes and

‘ylelds a pos;kive deflnlte spectrum Then the real
.rFourler transform of the auto—correlatlon functlon

will g;ve.a smoothed spectrum: T

LU

16
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Rg () = R(w) W (w) ' A (16x

In.this procedure the:window can he varied in‘length to
eliminaté any additional phases such as near source-~
,and‘core refleCtions. But the window length must be
suff1c1ently large to obtain the proper resolutlon.
:For example, the w1ndow length used. . here provrdes a
frequency resolutlon whlcgéw1ll separat ,peaks that

are 0. 025- O 033 Hz apart.' In many events, additlonal
%

phases were 1ncluded for the sake of resolutlon. It

»

'1s shown here tham by 1nclud1ng addltlonal phases,'some
'valuable 1nformat4\n can be extracted us1ng spectral

analy51s. A Parzen-w1ndow)y1elds a smooth rellable
o

'auto correlatlon, however 1t gives poor resolutlon"

3

at  low frequenc1es Therefore, for long perlod studles,
: ¥
another type of w1ndow may be recommended

In equatlon (l)p the transfer functlon can be -
fwrltten 1n terms of a“number of components such as the_
_dnstrumental transfer functlon; dlrectlonal transfer
functlon etc.> In practlce, a knowledge of the lnstruaf
mental transfer functlon will be of- great help in theg
1nterpretatlon of the spectrum _ Howevtr, these func—
:,ftlons have negllgrble effett on sptctral ratlds But
the,gain‘of the'channels must be known for'spectral

ratio studies. Gains can easmly be calculated u51ng

calibration.pulses and sPeq;ra{ﬁéquonent can. be scalcd_

)
e

S v 4 _
before rotation: - . o ;
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sy SR

. - . ‘ -7 ‘ ‘. . ‘
According to this method the response is considered as

18

RR(Q)=:RN(w)sin2¢-PRE(w)cos o+ 2 meR (w)R (w)cos¢ sxno
f>> v ’ (17)
FOrY.the data uSed in this thesis, there was 1ncomplete'
lnformatlon avallable about 1nstrumentatlon Therefore

the amplltudes of the spectral ratios are 1mprec1se

4. Efficiencyrof'the spectral rat;o‘method

As seen in equation (16) ‘the experimental
spectrum is always obtalned by a w1ndow and taklng
the ratlo“of‘components'qllljnot;lead‘to a cancellation

of this window since ‘a convolution is involveds

Rgylu) Ry ) s

. o T R -, | : . (1‘8) ‘.

a,convolution,of one;or more functions{equation. (1)):

() ‘7[HV(')-P<m>1*W<w),

R . ' _
Rsv(w) - = - - (19)
SR [Hp P(w)]*W(w)l : ‘
- : o
As an approximation, -if we cen‘write
[H(w) P () J#W (w) B [HE) #Wkw) ) -Blw) . (20)

BRI
[

then 1n equatlon (19), the unknown source functlon will.

5

B cencel leav1ng only the crustal transfer ratio function

where the w1ndow effect is not negllglble ‘due to

' COnVolut;on;_ Generally, the w1ndow in the frequency

&%

et
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* Figure I.2
Theoretical spectral ratios using Parzen window
and various pulse functions. Pulses effect is
negligible in the freguency band but minor
:diffe:enées eXist;towards-highér frequencies.

&

4
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Figure I.3 4; : - o
.J;. J . . ‘. . R .
ffect of additional phases on the spectral ratios.
(In figure b, broken line;repfésents a spectral

ratio with a phase velocity of 23.6 km/sec.)

"
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'rexperiment, the theoretical models have to bejrsmoothed

' .21

-

domain is not a simple function and its effect on the

ratios cannot be‘estimated theoretically. _Theréfore

to obtain a better comparison between theory and

also by a 51m11ar w1ndow.
The appro%}matlon in equz}ibn(ZO) can be shown
to be true for a rectangular tinme window and the’s@ooth—

ing of a theoreticaltmodel can be achieved by a double

'Fourler technlque (Leblanc, 1967; . In an earlier work

(Alpaslan, 1968), this method was applled successfully
to obtaln a theoretlcal transfer functlon However,.

when more compllcated wlndows are used one must be -

‘f. /»)

. assured of convergence and also that no Shlft in fre-

quency is lntroduced As a first step equatlon (19)

‘'was used for a model w1th a Parzen window and varlous

o

pulse functionS”as Obtained from real earthquake_data-

u51ng a homomorphlc deconvolutlon technlque. The
results are dlsplayed in Flgure 2 Pulse functlons

used.vary 51gn1f1cantly in amplltude 'and frequency

content. As can be seen. spectral ratios’ for every case

‘are slmllar. The amplltudes and shapes of the ratiocs

at frequenc1es less than l 40 Hz are exactly the same

. for every case. However,/towards the hlgher frequenc1es

~ 3
> : k]

' small dlfferences ex1st due to the varlable spectral

‘,saxd that

content of the source pulses. In general 1t can be

7ariation in the pulse Droduces negllglble

- O
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In. practlce a selsmologlst can rarely obt

data whlch satisfies all ghe %Fsumptlons dlscusseéu

earlier. For exanple, aé%&r?F i?ﬂ

A‘g;
o

’@ 5 ’ . "l_n
phases such as pP and PcPu

length These multlple puises

3

o o

tortlons in the expetlmental spectra destroylng valua—
ble lnformatlon. If one can choose earthquakes hav— -
ing a great depth- (>150 km) andvdistance (A>55”),7
about 40-50 seconds of data will be free of multlple'
phases. In thlS thesis 1f such data were~chosen, only
one -or two evenbs would be avallable.' Thereforé these
'phases were inCluded in this study, but many'spectral
rgtlos were comblned to obtaln ratio’ that approached
the true one.' In Flgure 2, many models with addltlonal
-phases have been dlsplayed Addltlonal phases were

‘introduced to the theoret;cal,Haskell—Thomson formula-

tion: L s
. ' ;\( , .

. : ' £DAt P 'iwAtpéﬁ ‘ .

R(w) = R, {w) + R  (w)e - P +R “(w)e =P (21).

: 1“2 - 3 i

At is the tlme delay of a- partlcular phase and cl,cz,c3 .

are the phase veloc1t1es. All pulses used here were

N U
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ti%en from real data u51ng a- deconvolutlon technlque,
therefore amplitude of these phases were not assumed
I% Flgure 3 b, all phases are assumed to have the same
phaSe‘velocity as it~can be seen.that the spectral
ratios_are only'affected in amplltude by comparison
.with a single pulse caSe (Flgure 3.a). In Flgure 3.c, d é,;
" the phase Ve1001ty of pP 1is increased steadily. It is
clear that the spectral ratlos change thelr appearance
due to the. 1ncrea51ng dlfference between main P and
pP/phase véloc1t1es and the delay time w1ll[ﬁeterm1ne\

amount df dlstortlon. Therefore,‘lt is concluded that'

- the Spectral ratios are still useful even when multlple

-f.pulses exist w1th1n the- w1ndow length prov1ded that the .

_ phase veloc1ty of pulses does not dlffer 51gn1f1cantly.
For spectral ratlo analy51s, data with hlgh
*signal to noise ratio must ‘be chosen. Noxsy data will

produce extra peaks in the spectral ratio which cannot

. 1
" be modelled by a structural effect. ThlS is -one of

‘the p0551ble reasonsKone obtalns dlfferent spectral

& (W

ratios for the‘same statlon‘when using various events.

at
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II.' Anisotrogv . o

l. Introduction: ' S (
A  large amount of evldence‘about the seismic

manisotropy of certain regions of the solid karth have
been accumulated for a long tlme.,v Neuman (1930)r
durlng asstudy of various earthquakes, observed an
impulsive_activity before the main S arrival. He com-
pared this motion to the Love wave‘type ‘and_after the
t main S. arrival he identified Raylelgh wave motlon
»Byerly (1934 38) has noted the change of S motion from
“‘transverse to.the.vertrcaf'planeﬂ. He suggested that a

- ’ ’ . . . .
double refraction phenomenon occurs in the surface

%3

layers of the Earth. Measurements of seismic anisotropy -

on rock samples confirmed the variation of the velocity

“with direction rpefford et al, 1963). The degree of
'anlsotropy was fé&nd to vary for a dlfferent .rock sam-

':ples. Khalev1n and Koshkina (1966) measured the sound
f.ex»

velocity in rock samples collected from the Ural reglon

Cof the_U,S.S.R.' Among these rock samples, metamorphlc

L , » : .
rocks showed 300 % anlsotropy.‘ The vaﬂiatlon of velocity

/

is observed in three dlrectlons, one s the perpendlcular
to the cleavage, the se\ond is parallel to the cleavage

and‘parallel to the’llneatlon; and the thlrd dlrectlon
s

is. parallel to the cleavagé*and perpendlcular to the.

4'llneatlon. Thelr results showed that the velocxty in
R ,

~
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tne_second direction is larger than énat in other
‘directions.' Compact textured samples (granoblasticy
showed small anisotropy. -

Small’scale anisotropy has been measured by a
number of authors in\sltu (McCallum (1932) , Wheatherby
(1934),-Rlcker (1953), Vanderstoep (1966) , Cherry‘et

Al (1968)). ‘Yegorkino” {

69) used recordings of a

distant earthquake at fou stétions separated by 7-10 °

km, to determine the anis'troby in a sedimentary
vlayer 1n the northern regl n of Caspian Ba51n of the -

U.S.S5.R., u81ng travel time and polarlzatlon analysls

o

for converted phases (PS DS ) at. the bottom of the
sedimentary“layer. He was able to measure 0 5- 0.7
seconds time differences'ln arrival t;mes or PSV and
PS, waves. He-concluded thdr rhe-S“ wave yelocity was

1915 % larger than the'S wave velocity in this

‘ \Y
'sedimenrary'layer.'
Anisotropy‘has‘been shoanas a possiole cause
for obrainingvfnon geblogidal" boUnddries,in'a>numoer
of seismic fieldfmcasurements (Layar eﬁ-ai, i9§lf:

‘Khalevin and Tavrin (1965) could not find any corre-
lation between boundaries obtained with the'deep
seismic sounding method and those establiShed.bye

stratigraphic and lithographic’studies in,the upper

<

part of the crust (450-850 m) in Urals of the U.S.S.R.

1

They belleved that -the main reasons for this was the .
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t

—
. ;

varyrng degree of metamorphism %f'the rocks of tH¢»

upper part of the crust.

A theoretical‘descriptaop of generalﬁanisotropy
can be made in terms of 21 elastic: parameters (Love,
1944). Backus (1970) offered an interpretation of

these parameters; However, a complete phy51cal lnter—

'pretatlon of all 21 parameters 1§lnot p0551ble at this

-

h‘tlme. Usihg: varlous symmetry relatlons, a number of -

,51mpler sorms of anlsotropy can be stated The srmplest-

form of anisotropy allows ‘a physical 1nterpretatlon and

gf‘mlght partlally explaln anlsotgopy measurements ‘vOne

'ﬂ"ffsuch type of anisotropy is the transverse 1sotropy in

'whlch the prOpagatlon of elastlc waves perpendlcular L

: to an.axis of symmetry is equlyalent to waves propagat—

1ng in an 1sotroplc media. -Thls symmetry axis is called
the unlque axis. Only five'elastic parameters are_
'suff1c1ent to descrlbe thlS kind of anlsotropy in ghlch
SH and SV waves can travel w1th dlfferent veloc1tles
and~§”waves can have three dlfferent velocftles of
1prooa§§tlon (Stonely, l949). SUrface waves exist in-

a‘transversely iSotropic media as is the isotropic.

'voase (Buchwald..l961). A number of features of surfaéei,

o

'wave dlsper51on have ‘been explalnod by trans@ﬁgﬁe
isotropy (Kovach, 1965; Kanlmura, l966 Crampln, 1966)
Transverse 1sotropy can generally be d1v1ded

1nto two groups: (a) transyerse 1sotropy‘wrth a vertlcal
P . ‘ T - .
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a _ :
. unique axis. In this group SH and SV wat®s travel with -~
a Mifferent velacity. /(b) transverse‘isotropy>with a
symmetry axis other than vertical. Thig- kind  of
‘anisotropy predicts azimuthaI variation in P wave
'velocity. Hess 119645 reported P velooity variation
with a21muth in the Mendoc1no fractured zone, off'>\
CaLifornia,."Raitt (19699 me%sgfed anisotropy‘as a
funotion of azimuth in th?'Pa%&iiC‘oceant- BaCkus (1965)
derlved a relation for an anisotroplc mednnmln wnlch the
P wave'veloc1ty varies with a21muth . He showed that
measurements of veloc1ty ih- flve dlfferent a21muths -
w1ll determine the anlsotropy. Thispmethod has been
applied by Chrlstensen, Crosson (l968$ and Raitt (1969) .

It can be stateo that the form‘tlon of transverse g#&
isotropy in the real'Earth may form in two ways. .One |
is the sedlmentatlon and metamorphlsm of Earth materlai \u~
(Khalev1n et al, 1965). The other is the orientation '7-\5‘
, of‘crystals under aniSptropic stresses.' Macdonaid (1960)
-studied orientation offanisotropic’minerais‘in E ﬁ@éss
field. He showed that in a stress fleld each mlneral
tries‘to take. Bn‘orlentatlon in whlch the potentlal
energy of the system is mlnlmum The dlrectlon of."e
'orlentatlon is shown to be the same as the one w1gh

‘the lower elastlc wave veloc1ty in the minerals.

: Christensen (1965) measured.the compressional-wave.f

E
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velocity in-various metamorphic rocks at high pressures.
He observed a variation of velocity with direction as

a result of mineral orientation. Silaeva and Bayuk //

,(l967) measured the P wave. velOC1ty and anisotropy 1n

rock samples at a hlgh pressure and temperatures.} They -
have concluded that anlsotropy,depends on the‘stgpss
state of the rocks. Corletyand Emery'(l959) measured‘
the vertlcal and horlzontal pressure in sedimentary ™
rocks. They have found that therhorlzontal pressure

is 0. 5 0. 75 of the vertlcal pressure . In tectonlcally
young and actlve reglons comparatlvely low sub-crustal
veloc1t1es of longltudlnal waves (7 5-7.9 km/s) are

partly due to the 1ncomplete orlentatlon of the medium

(BabuSka, l970). Generally, in tectonically active

reglons such as young mountaln ranges, suboceanic

-”trenches etc. at least tr1ax1al pressure 1s proposed

Therefore oneﬁmay ‘have "a transverse'lsotropy w1th a

a

,unlque ax1s not vertlcal.‘ For a tectonlcally qulet
structure, assumlng ‘a Vertltal blax1al pressure, :

vtransverse 1sotropy W1th a vertlcal ax1s is the usual

'leorm of«aﬁrsotropy .?Q?AAJ

”-In'thls the51s _hefpossible*implications”of<

\,,_

_aanotropy on the transfer functlon have been 1nves—"

eof this study 1s not to determlne

7:\

tlgated.' The purp@

the anlsotropy 4',_ Alberta’crustal'section-but to

clarlfy the un%f

B

ainty imposed by the assumption of
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‘isotropy during the determinationjef.crustal.parameters'
using d transfer ratio mcthod.  The study of aniSotropy
has.been‘aphieved inﬂtwo steps.‘ 15 the firstdsrep,
experimentel‘transfer fdnctiohs calculated at each
station in Alberta have'been classified according td‘i
the direction of wave approach. Sbectral analysis

has been cerried'eut for each quadrant at every station;’
imithis wey.gheepossible structuralfanisotropy in"‘
'aiimuth is investigated. 'The result of’tﬁislstpdy
depends on the number of reliable experimental.data.

The conclu51ons and dlagrams fCr'thlS study are pre—‘
'sented in another sectlon wmere 1nterpretatlon of
experlmental results @retdlscussed.,vlnvthe seceﬁd 
step-whiéh is‘presehfed;%n fhis section, the transfer
ratios_for'transyersely.iSorropic mediaIWirh a verticalf_
:ﬁnique}axis'haveabeen_calculated using'armatrix methodr
;Models areldssumed_te_be~two—dimensienel, homogenépus,
plane and perailel=leyered media. ‘Varieus degrees of
“anlsotroplc models have‘been compared with’ 1sotrop1c

: models ‘and’ dlfﬂerences have been dlSCUSSGd in terms of

the structural_xnterpret%tlon.vt\\

2. Computation of a plane wave solution for a trans-

versely isotropic multilayered media
Thezeqqation of motion for elastic waves may be -

‘written (gedlecting_body forees) as
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b5 T i 3=1,2,3 W

where p is density, U”is displacement. We assume an
elastic bod& that,is, it prodwvces internal stresses when

subjected to an external force that causesvdefbrmation.
The stress components Piﬁ can be'written‘as a function of

o

strain (e._ )

jole , o R .
: P.. = P.. (e : 2 :
. by 13( pq? o ,()
wherg_ ..
\\\ RNl 3U

\\
. . ~ - ‘ ) o
If the strain componeREs‘are smalls and we can assume
absolute elasticity, whi;;\aéang that the stress
‘becomes zero in the absence of defSngPion, then

expansion of equation (2) into a Maclauriﬁ\sgries

leads to a linear_relationship betWeen-stre§§{;;H\\\

~
. . - - -
strain, which is known as Hooke's law w. - o I
Pi3 = Ci3pa®pq B e
‘where
e 3P, | R .
Ciqu =[§E—;J - are called elastic parameters.
S pqe >0 Lo '
P4
P.. and e__ are second rank tensors and c.. .  is
1] P SR 1]p4

three-dimensional fourth-rank tensor, independent of

the choice of a cartésién‘coprdinate system. This has

»
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N

81 independent components. | Then the”equation of motion

‘becomes

U, .= c.. U . Lo . 4 i
i ijpa p,qj ‘ . 4 R

The 81 perameterszare reduced to 21 by the symmetry |
relations |
Civ = C.. =c.. =c .. . . (5)
- 11Pq Jjipq 13gp . P91l , :
Rhe elastic'parémeters c.qu are dépendent on whether
the process lsgadlabatlc or 1sothermal It is
.necessary to assume a positive deflnlte function 9
ST SR SR o

exists. (Love 1944), such that

O dG .
gij‘_.ae § ‘(6)
. - 1)
where - - . o
Qn = l‘- C e e ~v ' . s N
- 2 iqu ij pa f‘ L e

;.The functlon ¢ is termed as elastle potentlal per unit

'volume It 1s the den51ty of pote tlal energy in an-

,z

5»elast1cally deformed body and 1s deflned in terms of
'the thermodynamlcal condltlons o= the body
/A plane wave solutlon of equatlon;(4)‘ean_be,Q

v-_"

: wrltten as.

o . : o ,v,w.';f ;i iri l/2r3l'. ? ’
Ui = ajexplivlt —mx )l 00y
o C P :-\l,"2,3 .
where =~ 'l. o : o :

JEPR
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> 1,2 . . e
mp = (G)kp , w is the radial frequency, k is

. the propagation vector of plane waves in a cartesian

¥

cdoﬂ@%nate system. Then the eguation of mgtion (4)

will be

. l o ‘J 24 ;w . | . ‘ . . N & | |
5 Rt PR : U . = . = 7 1 . ., 8
'S Cispaias " 8;p1U; = O i,p=1,2,3. . (8)

Equating;the determinant of equation (8) to zexo, the
displacement components can be calculated. For 21. CoT
elastic parameters, ‘the evaluatlon of these equations'

- is’ tedlous However, for a particular crystal system,f
the determlnant can ea51ly be expanded

Transversa 1sotropy has a symmetry which ‘is
equlvalent to a- hexagonal crystal._ A 51x»fold symmetry -
axis ex1sts .The elastic parameters are unchanged by *
trotatlon about thlS ax1s and most of the parameters.
vanlsh or. become equal to each other,_leav1ng only flve
independent elastic modnlllf In a ca:te51an eoordlnate
system where the xj axisyis'downward, the'eemponentsv

of the'elastie,parameters will be.

<

(c1111 S1122 1133 % Lo 0" )
€122 ©1111 C1133 © 0 0
| 1333  ©1133 ©3333 ° o 0 |
c f ‘_0 o '»C2323 o 0o - d' (9).
lo o o0 cpu o
{o S L0 o o 0 'clltlé 11;2
| | | ~
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‘A separatlon of the equatlon of motion into
longltudlnal and ‘transverse components is not possr—
ble. Therefore, the dlst;nctlon between P and S waves,
;oannot;”in}general‘ be done, excegt in oertain direc-
tlons. An expan51on of the determlnant of equatlon «

(8) ylelds relatlons between the veloc1ty of wave

propagatlon and the elastlc moduli’ (Stoneleyﬁ 1949).

Con51der1ng wave’ f_pagatlon in certain dlrectlons, an
: i
lnterpretatlon of flve elastlc parameters .can ‘be made.

+

FolLow1ng Stoneley (1949) and Anderson (1961), some

dlrectlons of wave propagatlon in a transversely i1so-

.a) . Fon>a/d1rec ion of propagatlon along the unlque

: S
axis (x ). pure compre551onal and shear waves: with -

- \2

- tropic media are czyparable to the lSOtrOplC caSe

’ .

"horlzontal partlcie)motlon are the solutlons of the

"

determinant of the coeff{C1ents:

.
s

C3333. - " ©2323.

PV = (=== 5 ) sV = ( 5 ) - . (10) |
b) Propagation\%niany direction perpendioular to
the unique axisi,yie;ds_the following solutions;l
CpH = llll)_ : . : <
; . P o . : '
. . . C L; - . . . . ‘.
L 2323, ° ‘ ' S
:SVH’—“ 5 4). o | : | (;l)
- c - C 4
L 1111 1122
SHH = ( T ) -

33
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wave equation can, in general, be written in t

PV, PE can be considered aszP.Qavé velpcities in the
vertical and horizontal directipns; SVH‘is the
velocity of a'vertiéallyvtravelling‘S wave with ho:i—
zontal particle motion‘a'r'ld,SHH corresponds’ to an S
wave travellingfperpeﬁdicular to thé'direction'of SVH

waves with a horizontal particle motion. The'fiﬁth

" parameter can be deéermined_if the velocity in any

other direction is known (usually 45° from the vertical

S /
axis):

o - 2 .2 YRV '

v Cll33 “ [(ZQPA " L) - }j ] - C2v323 (12)
where PA'is the P wave velocity in a direction other

than the ones parallel to the axis, anc

-

I S o P
L= 701111 % C3333 % 2%2323).
Ll ee :

Ho=g(eyg 7 C3333) - R

For_aireal velocity,  the determinant of equation
(8) yields six roots .for every.mp. These roots might
T : B o N ,

be real orx form complex conjugate paifs. Every root

contributes to the displacement (equation (7)) and the
theoretical implications‘ofvthese roots have been -

investigated by Synge (1957), Kraut (1963) and by a

N

wumber of other authors. _HowéVer,_the solutid:r;f a'

s of

34
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N
existing up and down travelling waves (Anderson, 1961)

in thel(xl—x3) plane:

kr x. | ' -kr_x fr x -Kr_x

_ CrpX g p*3 s*3 Frg¥s

Uy=Uyp.® *Ugp.© *Uus.® *Uss.® 1
j j - | sy j L

o | o (13)

where the common factor exp[i(wt—,kxl)] is omitted.

Each term in equation'(lB) represents plane;waveé

3

travelling in X5 direction which-is pointing downwards.
} . o . L ; .
- Uupr Ugpr UuS’ Ugs 4re the amplitudes of up and'down

goinq‘P and S waves. 'fpvand-rs are the cot. of angle

~

of direction of P and S waves from X4 direction. k = w/c,
and ¢ is the phase velocity. - s N

"By sibstitution of equatiod (13) into equation

. of ‘motion and equation‘(6),'diéplacemént and Stress

components ¢an be written in terms of input amplitudes.

' -
]

It is more convenient to use dimensionless velocity for

the‘displacementslKHarkrider[,Anderson,'1964),'.Then at

8

the mth interface the solution can be written
I S iU ed . .

SC hn' 1k[qucQs p 1Uozs;nl?+ U03¢o§ Q+ 1UO451n Q]m

9 | S
3, .. . R T |

(7;)m —vlk[ quYPSln ?+_1U021PcosP UO3\Ssln,Q.i

+'lUO4YSCO$ Q]m;‘  | ..(}4)-
where

]

'5 p = krPx3. v Q kr5x34 
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j+1
=.U + (-1) 8]
©J uh dh j =34 h=s
and _ ‘
- (c + CL4nn)eX .
- %1133 2323’ "Th _
Yh = 5 - —> h = P'or S

PC = C23237 ©3333%h

The stress compdnents‘will be

(Pyy) —1k[1X U -cosP-X.U .sinP+ ixX_.U

"33'n 01608 FmXpUg,sin P4 1XgU 5008 Q-
- XU _,sin Q]m o
(15)
_fPLB)m? 1k[1YpU0151nT>— YPuozcosP + 1YSU0351n O
' v “f‘YSQO4COS Qly
‘ where | lgﬁ?m
3 X,o=

h' = ©3333Yn"n * *C1133 0 0 o

L Yo =c (v - diy,) .o ,
:J:\’: - .‘h 3323 n~ “Thtot BRI \//f;:::Z
"fet a plane patallel'multi—layerea media,-equatiehst

'(i4) and?(15)'can be written'in‘mdt‘ix form. Recur— =
sive relation.for a number ef intergapes can ee

formed in the same way as it has been done in se@tlon_
I, to find the surface amplltude in terms - of the input
amplltude and the vertlcal and horlzontal ‘transfer
functlons can 51m11arly be wrltten for a (nfl) Layered
medla, the nth layer belng a half-space (m = 0;1,2,;fn).

,‘- ‘ Then,fthe transfer function for an incident P wave



will be
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2?Vpann ‘ , o
TWp) = o5 Wi * ) - (36)
n P . ) ‘
) n
| | 2vPn . , Sy

‘D and matrix J are similar to the ones caiculated in

section I.

3. Transfer ratios for ttansversely isotropic layered

media

 Equations'(l6) and (17) are the surface responses

of a transversely isotropic multi—laYered media to an

»

input P wave.With unit amplitude in'a form convenient

for numerical evaluation for a numb#f of layers. . In

Figure -1

the vertical component to-the horizontal ‘one, have been

the stransfer ratios which are the ratios of ’

shown for an Alberta crusﬁal model using -two different

~

angles of incidence. Anisotropic factors have been
shown as the ratiq'bf velocities: .,
| pé L
G = — o (PHT)
P .
H |
P2
A .
n = 3 (ETA)
D ,
- H N
£ = — (XI) . &

n
<N
!



- Figure II1.1

Effect of transyer%e anisotropy on transfér
ratio as.a function of angle’Qﬁ?incidence:#
PHI =.0.83, ETA = 0.83 in the crust.

Broken line indicates isotropic model.
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Figure II.2

Effect of transverse anisotropy on transfer
ratio as a function of angle of incidence:
PHI = 0.83, ETA = 0.91 in the crust.

Broken linevindicate$”150tropic model.
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All models presented. in this thesis are two dimensional,
therefore th. factor (XI)‘should not be considered on
these figures. Models presented in Flgure ‘1 have 10 %

aniSotropy in Whlch the P . velocity is hlgher than P

H V
-veiocity and the half space'ls assumed to.be isotropic.

- By comparison with the isotrOpic case, peaks‘and troughs
.are shifted to higher frequencies.indicating shallower
or hlgher veloc1ty structure. Thiskoan be explained'

in terms of energy propagatlon,‘51nce in an aﬁlsotroplc

medla, enerqgy does not necessarlly propagate perpendl—

/./
cular to the wavefront.- It may even propagate parallel
b=

to the wavefront w1th a hlgher ve10c1ty (nghthlll 1960)

If the energy fiux vector or_Poyntlng vector is d1v1ded

@

by'the totai energy-density of the wave; the Velocity
of energy propagatlon (group veloc1ty) is obtalned
. The relatlon between group veloc1ty and phase veloc1ty,

1s=found tg be (Musgrave,.l954),‘

,Vg-‘n = Vg | o B | . ; (;8)

”where Vg is qwoup veloc1 , VP.lS the phase veloclty

Aand n is the nc mal to the wavefront In an(anlso—f3:
b} ' -

tropic media tr dlIECtlon of dlsplacement vectors'

-

-

"and»theTPointing vector must be con51dered at the

" same tlme when: reflectlon and transm1551on of an

helastlc wave 1s/stud1ed. The crltlcalyangle phenomenon;

» »-:: ‘ P



is more complex in an anisotropic medla and needs
more explanatlon in terms of these vectors. | ‘
It is clear that When the. horlzontal dlstance
travelled by the wave in an anlcotroplc media, is
‘Slgnlflcant w1th respect to a vertlcally travell—'
,1ﬁg wave, the effect of anlsotropy will be greater,
when transmission .of a plane wave throqgh an multi;
layered ahisotrop;c media ‘is considered «The angle

of wave approach at the bottom of the medla 15

1
1

1mportant Sane a varlatlon of veloc1ty with dlrectlon
w1ll be felt: ea51ly by the wave for gra21ng angles of
- incidence. A larger number of modelsL thah shown -in,
>tbis;5ection, have'beeh’calculated. Eveb small aniso-
tropy introduces important:chahges in the shape or the
_transfer ratios for large angles of 1ncidencec How;
_ever; for experlmental transfer‘ratio stgdies,’dlstent
'earth&uakes are chosen in this the51s. Most of these
'teleselsmlc events should yield waves with an angle of
1nc1dence less)than 3% degrees at the bottom of Alberta
,-crust, accordlng'to the Jeffrey—Bullen tables‘(Phinngy,.

1964) . LI e

f;’ wp . . The anisotropy factor (n) w111 determlnc the,

.. state of transverSe‘isotropy rn a model Mod'&s

=

shown in Figure 1 have an 1ntermed1ate veloc;'y (P )
~which is equal to the vertlcal veloc1ty (n = l), .

This sharp veJocity&change in hori%ontal7direction



Figure 1I.3

'vInfluehceﬁqf‘upper mantle énisotfopy on

the wave transmission. Broken line indicates
. ; - _‘*"' ., i ' . x N 9 - ) .
isotropic. model. . 1 .

i

&
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‘corresponds to highly laminated media. The degree of
lamination can be introduced by a ‘factor n. For

example, models shown in Figure 2 have a smooth velocity

variation from the horizontal to the vé;ﬁical direction
(n =.0.9l); This=mode% showed no signifidant shift of

peaks in frequency\but only amplitude changes. From

the comparison of”figure lvwitthiéure 2, it can be

stated that the transfer ratios ‘4re much more influenced

when n = 1. The. transverse isotropy introduces no addi4

tional péaks into the transfer fayios by comparison with

the isotropic case. The effect of transverse isotropy

on transfer ratios is not so severe for low frequencies.
For frequencies less than 0.26 Hz, the maximum fregquency
« E :

shift in peak position is observed.to be 3 mHz and the.

amplitude changes are found to be 20-30 % from the

isotropic case. -

fSinée the angle of wave approach at the bottom of
: ) : e

the media iS'impertant'fOr'tranSVersely'isptrbpic media,

the anisotropy of‘fhe'half space will be'one‘of'the

”4cbntributing-factors,"Inﬁ;igure,3, an isotropic crus-

" tal model over the”tranSvérsely isotropic half,Space

has been studied. This transfer ratio has been calcu-
lated»aésuming that a‘purely-ihcident P wave‘éxists.

Existence of a purely P wave in an anisotropic media

"‘_mayhbe’questionable,.however,'it can bé assumed that

: L | - =
due to an anisotropic process at the source, deep -



Figﬁre I1.4.

‘Comparison of‘ah ekperimental spectral ratio

with an Alberta crustal model (ALTACRT-1) .

For unsmootheéd models amplitudes refer to

square- root of power.
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blsotroplc structure of‘tho Lanﬁﬁ,or by some kind of

. mechanlsm, a hure P'wave is lntroduced into a trans—-
versely 1sotrop1c space below the crust Investlga—
~ tion of these assumn/ions w1ll not be' done’ here 51nce
this model is only of theoretical 1nterest.at this

s time. This showed that 50 %uamplitude changes (Figurei

3) Qith‘respect to the -isotropig wage lndlcafgfg.the

importance>of the angle of_incidencg. IR
For iong period elastic ane;, if the ampiitude

changes can be ignored, the effect of t?ansverse iso-

tropy'onlfhe transfer ratiosvis negligibie.' However;

for short‘period-waves, a st clof transfer ratios |

is no longer independent of'%%%;angle of incidence

and anisotropy mayibe‘One-of the significant factors

to overcomeAsome‘difficulties_in‘application'ofithis.

method to the real data (Eliis van'd Basham, 1968) .

In Figure 4,b—c, an Alborta crustal model (Cumming

and Kanasewich, 1966) has been’ compared with an experl-

mental transfer ratio. The experimental(spectral

ratlos have been calculated usinhg an earthquake recorded

' at the EDM Stat;on in' Alberta (sectlon I). This

hspectral ratio is smoothed by a 30 second Parzen window.

in order to increase the reliability of the soectrum."

By comﬁar;son with the isotropic_model, it can be said.

‘,that_the experimental,and theoreticaiftransfer ratios

_are-notrcompletely similar. However, the anisotropic
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model makes a comparison much easier. This anisotropic
crustal model has a vertical Poisson's ratio oy = 0.24
."fand a hoy jzontal one kY :'0.35 in(the crustal layers.

H
; . ~ N , v
‘.There 18- nomother€$VLdence fOriarious Poisson's ratio

’.theYefbre, thi

smodel

'Sfrequencies.v This may mean that the model has to be
modified. The mOdi¢P shown in thure 4.b- -Cc were not
smoothed because small peaks in the experlmental curve
have very low rellablllty " 1In Flgure 4-a, another model
with six layers over a half space (Table l) has been
displayed; ThlS mb&el is smoothed by a 51mllar w1ndow.
Comparison w1th the sxperlmental_data is more favorabis»
“than for a four layer model, This_msy suggest that |
Sighificant‘alteration‘has to_be.made‘in the -sedimen-
‘tary layers of the model. .In the Albertaiplains, a
’Sﬁlck sedlmentary layer is a common feature of the crust
- and anlsotropy 1n these layers may SLgnlflcantly affect

i}
;the transm1551on characterlstlcs of the crust.



 Table 1
, . zanse - ,

cristal Model ALTACRT -2

h(’l’hickness) ’ P(kfﬁ/sec) v S(km/se~c) ’ L (gr/cc)
1.3 f“.%, 3.00 1.5 2.20
0.8 ~ s.20% 3.0 2,60
.5 4030 2.48 2.50
10.0 - T s0 3.52 | 2.70
23.0 650 3.75 2.73
10.0 7.15 4.13 3.2

- .08 _ ) 4.66  C3as

SN,
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III. Effect of Dipping Layers on Wave Trdnsmission -

I+, Introa@ction

-~

—

In the study of the structure of the. crust one of
-the 51mpllfy1ng asc amptlons has always been the/éxlstence‘
of plane parallel layers. It is most llkely that this
assumption is not satlsfled in many crustal sectlons
As far ‘as we know, Kuhn (1961) (was the first to study
the time response of ‘a dipping layered structureyusing
a laboratory model, Kane (1966) applied ray methods
to determine the reSponse S a single_dipping layer over
" a half sSpe "e and Fernandez (1967) disgussed tne‘effect
:jof dlpplng layers on the transfer functlon ;,lshii and
Ellis (1970) formulated the solutlon of time transformed
wave equatlon for a dlpplng layer over a half space in
“the cyllndrlcal coordlnate system Rogers. and Klssllnger
(1972) have used this ray method to calculate the
response of a s1ngle layered dlpplng mgdel in the fre—J
quencyvdomaln_and attempted to determlne a_dlpplng
crustal Structure in U.s.! They have also made a model
Study. Tsukuda (1972) has attempted to determlne the
response characterlstlcs of a 51ngle dlpplng layered
analog model .. He has concluded that for»dlp'angles; . fﬁ
less than 5416 degrees, there 1is no significant change:
in the transfer functlon for.plare.P'w es. His resulﬁsyf
are concordant with the_ones:obtained y'Rogers and"

. Kisslinger.



An analog model study c be cdnsiderediﬁe a

r

‘complete wave solution for at particular media.

However, an analytic compie e wave solution for a
-dipping layered media cannct be formulated as in,the
case of a parallel layered media f{section I). .In'this”

@1 N

section,va ray~theory, approach has been.used to evalu-

-

atenthé fespeneeAe% a multiédipping.layered medid in.
the time‘domein;-.fhe transter ratios have\been calcu-
,lated.from the‘Foﬁrief transfo:m.of the’iﬁpulseAreeponse.
 The  wave solution can.be‘engnded into an infinite
numbet Cf series, and each term_repfesents afphysical
ray (Spencer‘l960° Cisternas»et'al 1973) For numericai

, evaluation, the ray expan51on has to be termlnated

t

therefore, a comparlson between the complete wave and_

r

a ray solution'has to be made to oetermlne.the-proper,‘

number of terms in .the ray eXpansion for a snitabie
approx1matlon. The Haskell Thomson matrix formulatlon‘

'(sectlon‘I) 1s an exact wave solutlon aﬁc has been used

bto determlne the accuracy of a ray expan51on A copm-
-1;”7 v

parlson oétbée two solutlons has been carrlediout 1n

both the tlme and the fregp ncy domaln After deter—

Aw.t,c

mlnlng the optlmum number of terms in the rav cxpan51on
A »(1"‘4

uto obtaln the best approx1mate solutlon economlcaITy,
a ray method has been used to calculate the response

of a dlpplng‘layered medla to a plane wave 1im

on the bottorf. Using an efficient algorit



| whéreiA iS‘Laplacian and U

dAplacement U(x,y z, t)

50

\;éﬁbration-iurqn, 1972),-theytransﬁigéioh'éf‘a>plahe
wave:thrdugh a multi—dipping layered média ﬁaS'also'
:beeﬁ,studied,. In’this section only the trqnsfer;fhnc—
tion stgdies havé been presentedyés:the time dgmain. ?

LI

studies will be discussed later.

-

2. .A ray-theory approach for computation of thel

response of a layered media
In g, an isotropié homogeneous hedia, the displace-
ment vector can,be.WrittenAas a sum.éfﬂlongitudinal and
‘transverse components (Bullen, 1963)(;5Each component

satisfies a wave equation of type (section I) .

=

BU -5 U =0 . e (D

-

t'isgtime-derivative\of'dis—

A géneral‘solutién of the“wave

dlrectlon w1th a- veloc1ty, c, and whose p051tlon in

space 15 glven by a surface W(x,y,z), can be written

a0 . T . : -
‘ . . - .

DU (x,y,z,t) = ﬁ_(x,y,z,t>f(t—.°—“7(—"—él'—?l>] (@)

-

PR
R
=y

where theé Function f(t) represen;s the disturbance ‘and

it may be dlscontlnuous at t %'Q; The p051tlon of the

)
- S b

jsurface{.W(xMy,g),'at any tlme'(t);;s‘grven by_

-_N t_=-T‘£'(?;,_x %) = MX_LLZ) - L (3)

C




Figure III.1

Appﬁyximation of wave solution by ray expansion.

- The long period spectrum was calculated usingia

time series of 35 seconds long. . :
. \) ',.‘ . N
.
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The expansion of equation (2) in a TayL0ﬁ<s

the surface, w(k}y,Z),ﬁ(t =

i
ing equaticn: .. )
o ‘ 0 .n
- K 1 B H
U(XIY7%,t): z' ar [“—H]

n=0"

no longerktlme dependent

expanded as a power series in-

',

K4

T+AT)

t=1v(x,y,2)

as,(Hron_and Kanasewich,Jl§7l)w~
e | iw (t-1)
;% (at)” f(t-1) =
n! : . .n
. ' (iw)

XSpace dependent amplltudes A(x,y, z)

Equatibﬁ$f§yfcan be generalized for an arbitrary source’

function Sn(t)“

]

G(x,y;z,t) =

I e~—3

\\

. S..n (.t—‘.T ): -

?\n(x,y,z)‘

b4

_where S_(t-t) is given by

[ee]

‘lif S (w)
T (imYn
. Q ' .

E An(x,y,'z),

S
e

iw(t-
e .

(1/13) ,

eries near’"

_‘4.

In thlS e%Patlon the amplltude of the dlsturbanCe is
*For the partlcular case of

’a’harmpnic_wave solutlén, where the amplitUde is

it can be taken

~i®(t—1)

i

)

(i)

do

n

St - T06y,2) ]

(5)

,Then the solution can be ‘written in terms bf only

(7).

(8) .




S(w) is the Fourier: traﬁ%ﬁ%{m of S (t).and deflned to

_be zero from w= 0 to‘wgg qﬁcuatlo? (7) is known as an

asymptotic ray expansion. e

If we assume a solhﬁion of.the wave equation in
the form of equatlon (2), for‘a specific wave whose o
veloc1ty of propagatlon 1s v, then. substltutlon of

- equation (2) 1nto equatlon (1) leads to the follow1ng

equation:
ﬂ 2 .2 2 ;2 o :
AW, * oW aw v :
(é‘;) + (W) + (——) = 7 ‘(9)

where it is assnmedtthat veloclty“is independent of
space coordinates. Eqdation"lgl‘is_kn0wnpas'the'
'l"Elkonal" or "characteristic equation" of therwave
eqdatlon and 1t is a flrst order dlfferentlal equatlon,
the,solutlons-area

h

W(XJYIZ') = COnSt . o ’ ' ‘ ; ) (lO;) _..'
.~-‘;_‘)
These are surfaces in three dlmen51onal space, Wthh o

,are called wavefronts. \Slnce rays are deflned as
vnormals to the'wavefront,lthen equatloh (9) leads t0'
_‘the concept of a "ray",' Solutiondof egnation (9)'must‘
,falso be solutlon of the ‘wave equatlon. When it is not,
some llmltatlons should be 1mposed on the solutlon

such as the wavelength belng smaller than layer tthk— .

ness,'negllglble change 1n the curvature of the wavefront

'rand amplitude of the wave over wavelength. In equation
_ o - WEYE : T ;

A



o .
s e

o

(7)q terms of (ﬁ?ﬁq) are the correctlons to the flrst

term due to:%uch llmltatlons., 'For a’ plane wave, a

a

solution. of the leonal equatlon is also a solutlon

vof the wave equatlon, prov1ded that wavelengths are

By

much smaller than layer thlckness. Only n =10 in
equation (7) will'be_sufficient to'obtain'a wavepb
solution using flrst order ray theoryL Proof»of this'
isigiven'and‘discussed by.éerveny and'Ravindra (1971) .
Equation (7) canvbe applied toiany media‘if5the source
function is known at timeft ;:Qg ‘Rays éaﬁ:be drawn in
- space using Fermats pr1nc1ple. :When%there;ls;atdis_
cont1nu1ty'1n parameters of the medla,'contlnulty of

dlsplacement and stress components are the boundary
.,- oy &
condltlcn to. be Satlele and the amplltude of the ray

'1s predlcted by coeff1c1ents of reflectlon and trans-

!

mission (Knott 1899% In an 1sotrop1c medla 1t can be
: “““ -
assumed that energy flow%ls in the dlrectlon of the ray

1

. For a plane wave,.the Cross sectlon of a rhy bundle

[
s

'v(ray tube) is constaht at any trme and 1t oan eas1ly

be shown that en%rgy 1s Conserved at anyrlnstant

N . .~

Theréfore, for this srmplc case, a geometrlc expan51on

»

factor is not ntcessary (éerveny and Rav1ndra, 1971).

<

[ ’ e
For a“ ray whlch rs reflecttd and transmltted a number
ofvtlmes, the ampllt de, A(x y,z), in equatlon~(7) w1ll

. - . ‘ Q . - . . ~ i
be the product of reflectlon~and transmLSSLOn‘coetfl—v

clents-(spencer; 1960) . EFor a plane wave solution,



the densigy of rays Wlll be 1mportant and the sum of
)ex1st1ng rays will constltute a solutlon of the wave
equation. However, for numerlcal evaluatlon of a -

solutlon, the numbex of rays to be summed must be

o

chosen from an infinite number of rays.

A program developed by Hron et al (1973) is used to

to
: _,;Yaf
~3@fﬂéterm1ne the optlmum number of rays necessary to evaluate

economically - the response of a layered—medla to a plane‘d‘
mave impinging on the bottom. The valldlty of the
—solutlon has been tested by compa&@eon w1th the onei
calculated u51ng a matrlx method (Haskell, 1953) which’
~ can be con51dered as a complete .wave solution. Rays
with up to 13 segments for a four layered Alberta
crustal model (lable l), have been shown 1n ‘Table 2;
.ﬁfSegment number 5 represents the ray lmplnglng on the
,{f% b@gtom of the layered medla. ALach segment is repre—
‘i sented by a number correSpondlng to the layerlng |
fsequences (Flgure l) For example, ray number 1 has
five segments and represents the ray transmltted
dgrectly,from bottom to:Fhe surface.' Rays w1th a
‘1a£§é number of'segment 4éan be‘constructed from‘ray..
‘number 1, by addlng two more segments to it in’ any’
layer.w "For thls model, the total segment number in

a ray: wlll be an odd integer starting from 5. The

,ray.cla551flcatlon is based on the number of segments

-



in a ray (NSLG) | The ‘maximum number of, conver51ons
of a ray will be JCONV- NSEG- 1. A list of converted

phases constructed from Table 1 has been ‘shown in

t

Table 3. For example, i‘f‘ne conversion is to be
allowed for rgy number 1 whlch has 5 segments, theén

p0851ble conver51ons may be ‘at one of the four 1nter—
. L]

faces from bottom to the top (JC-—l 2,3,4)., The total
numbér of. converted rays w1th NSEG segments and JCONV

conversions 'is given by the equatlon (Hron, 1971):

5t

CNSE,G‘l. _ (NSEG = 1).1
Jcony - JCONV! (NSEG - I - JCONV) -

(11)

'\/

Therefore, the number of rays lncreases rapicly. zFor‘., .
. example, from the unconverted rays wrth 13 segmentsf
..one can construct about half a mllllon r\ysij Fof a
bplane wave solutlon, klnematlc and dynamlc anaioés of'7
rays are not necessary sxnce phases are well separated

;n time. The number of conversxons to be used on each

‘set of rays for a’saglsfactory selsmogram:ls foundn
. : o I ,

empirpjically as given in theffoliowrné‘table: 'é)?‘

: B ””-‘ | ) / :\\

NSEG . : Set  No. of conversions g_f&_‘

s By s L

' 7 L2 R

9 ' 3 4
S SR ' 3
13 s 1



Generally, ray ° amplltudes decrease w1th 1ncrea51ng
number Ne}d reflectlons as well as number of conver51ons.‘
rIn this the51s, the mlnlmum amplltude for a ray to ‘be
blncluded was taken to be l/300 of the ex1strng max1mum"\,
ray amplltude._ The 1mp1nglng p01nt and offsebs on the

'bottom of the layered medla has been'%alculatéd‘%nd the

only rays of any 1mp1nglng Wlthln 1000 km‘of the receaver Q

.‘ B
5 X 2 W

have been taken 1nto con51deratlon for a flat layered
odel (Flgure 1). For a dlpplng layered modelqthe 1000
. km region on both 51des of the recelver has been reduced
further to exclude the vertex.}The’?adlatlon from the wedge
shaped}structure is 1gnored as lt 1s assumed that waves
_propagate out of“the open end of the layerf; U51ng the I
tests glven a\bve, accept‘a~rays are. determlned w1th
respect to ex1st1ng rays. When less than a certaln glven‘
‘percentage (7 6) of the.rays are accepteden a: group,i
no other rays 'in a hlgher set are taken 1nto con51dera-‘aj
Atlon 1n order to save computlng tlme.i e
The response of a. model (Table'l)wcalculated'fy“.~E

u51ng ray theory has been compared to the bne calculated.’
by a matrlx method in both the tlme and fnequency domaln.gl
"The tlme domaln comparison 1is. presented 1n another FIE
:chapter and glves éiyery good comparlson over the

1n1t1al 1nterval of the coda, however, small dlfferences
-ex1st at larger tlmes. The lower end of the frequency

P

. 1is the most 1mprec1se because thls corresponds to large



58
;reverberaﬁioi times.v In‘Figurell, the transfer Fatio
forian Alberta crustal model (ALTACRT—l),caiculated"
using ray theory hés been compared to the one calcu--
‘lated using a matriX'method:‘}%he-éorst»paft_of ﬁhis
'comparison is ateabou£;0.04'Hz. Inethis model, wave—.
,\ length% are about 6-15 times larger than layer thlckness,
however, there is no change in the position of major |

]

peak .and only amplltude dlfferences exist.

’
;-

. Table 1
;; ) Alberta Crustal Model ALTACRTfﬁ
W o
-Uiﬁzglgélf -w. vﬁ(km/eec)‘ ' Vg (kn/sec) olgr/ce)
l;id' o f¥2,31. .33 . 2.04
':-0;9§~fe ’:a : Jéoeﬁ PP u1.77r-» 8 2.21
ﬂ 3};3é.D_ ;"  '5;50 . ) w>3,75 I _',2;73 ~/
e o 7as 113 0. 3.20
”.fu 152 ;753.08:17' o ales '3.45
. o |
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3. Dipping layered media and transfer ratios

A ten degree dip was lntroduced into model.

ALTACRT- l lnto the basal interZace (Flgure 2). The

SLgntcongegtlon was that a pgs;tlve (negative) sign

\
| B - * ~

indicated an up}dipping (down-dipping) ihterface with
resp%?t to a weve approaching.aﬁ*the bottom of the
layered media. ,The diffefence between a flat and a
dipping model mainly occurred in the amplitEEe‘of”the
transfer ratio and there were'nd‘significant frequency
"shifts. 1In this model a peak at about ,1.28 Hz has been
affected most and the down-dipping model shows a‘
decrease in amplitudevwith respect to“the flat layered'
model, which is opposite to amplitude chénge for an
up;dihpihg case. For ffequehcies-larger than 15 Hz,
very Significant»differenceSappeared The effect of
dlpplng layers on an incident S wave is more serious .
(Elgure 3) and this can be exﬁlained in terms of'.

‘

particle_motion. For P waves 1nterfaces jlpplng:

as much as lO° intreduced no Slgnlflcant Shlft of peaks.

'in frequency. ‘However, when low velocity sedlments
hdve dips about 10°, the most 51gn1f1cant effects .are
hqbserved. The impertant shift of peaks ocodfs at all
‘frequenc1es as well as amplltude'changes._‘Here, an

important feature of program must be mentloned when a

62

thln leyer at the top of the model is dipping se erely,'

'the region on whlch rays 1mp1ng1ng will be reduced to
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—
a veryvsmall value, for'example,'for +10°, it~will be
(Fﬁigure 1) -56.7<x<11.3 km. Therefore, a number
of the raysjwlll’be'excluded in the response.l'Forf
example, in Flgure 4, the peaks around 0.90 Hz does ‘

not exist. -When the same layer has a dip of —lO° “the

sane important phases such&as P5P4P3P2Pl do not.geachf

‘to the surface due to.the above reasgps,vralslng some
questlon about the solutlon. When all the layers in

a model are dipping concordant,' . the 1nterpretatlon of

)

the transfer ratio in terms of real Earth is difficult

(Flgure 4, bottom). For thlS case a frequency Shlft
of about 24 MHz was observed at very low frequencres
(O l Hz) (Figure 5) ) Generally;;about 3D-40 seconds
of experlmental data are. used to calculate spectral |
ratlos, thlS time length corresponds to a plane wave

(&)
1mp1nglng on about lOO ‘km reglon of the bottom of the

Ll

layered media. Dlpplng of, sedlmentary layers as much L~

-as lO°, brlngs serious restrlctlons on .the ray solution,

or thls may mean that radlatlon from the wedge shaped

structure ‘is not negllglble. For thlS model on whlch
sedlmentary layer has a severe dlp, the peaks at very‘
low frequency band were shlfted to the higher frequen—
c1es, however, thls shlft is found to be unstable

with changing angle of 1ncidence.f 1f Flgure_G—dv_model
"(i=135°) showed a shift of peaks towards the low fret' -

-

. ) . 5 . : R .
‘quencies with respect to flat layered model, the
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Figure'III;J

Coﬁpénison-of spectral ratios for:dipping
.'and fiat layér‘model,for'an incident  plane

S wave.
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interpretation of this amount of shift in terms of

real Earth can be done if the total thickness of the

) , . 2 )
. o \

crust is varied about 5" km. _ -

¢

4. Conclusions

For,dippi g interfaces of thick layers with
‘a high velocrty, the transfer ratios are not affected
51gn1f1cantly for dip angles of as much as 10 degrees

1n*the frequency ‘range of 1nterest. In flat layered

theﬁ”ransfer ratio. HoweVer, there are significanﬁ
ShlftS when steeply dlpplng low Velocits layers are

present For example,_an up dlpplng sedlmentary layer
. o -
' as’ mUch as -~ IO degrees causes a ‘shift- to the hlgher
. S .
'frequencres.: This 1is expected becauSe the low veloc1ty

.
o -

_layer affects travel tlme of the’ wave 51gn1f1cantly "c“

,t

. 'For a doﬁh dlpplng sedlmentary layer 1;"ls expected to

have a frequency Shlft to lower frequencres due to

r
3 ! |

”larger travel tlme SF. wave' 1n thls layer.'HQWeVer,
'<o~v_\ q\\ o e : N K

@ ‘ ¥

wave 1mp1nges on the boﬁtom of ‘the layered medla is
veryvsmall therefore tMe number of rays used is very

low and the solutlon'cannot,be evaluated u51ng this

program. In’both'casés, the ~amount of shift introduced’

by low velocity layer on transfgﬁuratios'is not ‘certain
x ' s . RO R a o Lo
L : g BN

[

for large dowh«dlpplng thrn layels, the reglon on whlch.,A '
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because it is also a function of terms usedﬂin ray

y
N .,

expansien and this depends on the reglon in wMach

g

rays are to be evaluated. Long period spectrum 15“

very sensitive to the terms used in ray expansion

and it‘is clearly also dependent on angle of

’

1nc1dence of the wave:. For severely dipping inter-

N
SR

70

faces, short time‘interval or high frequencies should

be made of use.

Dip determination using'spectnalbratie method

requires important assumptions. For even a simple

crustal structure,_the experimental transfer ratios

for various a21muths have to be studled to. determlne

the amplltude changes 1nd1cat1ve of a p0551ble dipping

structure. If short perlod data lS used to study

.

dlpplng 1nterfaces, assumptlon of non- atteisatlng and

1sotropy of the medla is necessary and vel city of the

media and angle of 1nc1dence of the wave have to be'

,known ‘with suff1c1ent accuracy. For a multl—dlpplng

layered media the spectral ratio method can then be

»used to obtdin a better flt between theory and experl—

" ..ment, if addltlonal evidence exists for dipping layers.~

.9

-
bl

&



IV. Attenuation in.themCrust

1. Represehtation‘of attenuation in the solid Earth

The study of seismic wave attenuation in'thev
solid Earth has developed recently into one of the: more{g
interesting research areas. In many seismic studies

attenuat%on has been neglected for the sake of simplicity.

‘ v -
However, a number of researches have shown’that a study

of the loss mechanlsm brings addltlonal 1nformatlon
y»{.

amout the phy51cal state of the 1nterlor of the Earth.
R .

The nature of the loss mechanlsm is very. 1mportant when

’ e

'1n@er51on of observed data is attempted because a

\

selsmologlst would like to 1nterpret hlS flndlngs In

’

Sy . : . -
' . HE ‘_: .\f\!"\ . .
It has been cust@ﬁ%ry to represent a loSsy

t

terms of a'‘real Earth.

media in terms of a delayed straln due to an applled
e

hY

stress. This can be wrltten ‘in the tlme domain as a
N Y

_convolutlon of strain w1th .a memury function or in -the

'frequency domain it will be

+

Plw) ="e(w)-m(w) . w o= 2nf o (1)

" where. P(w), e(w) and m(w) are the Fourier trahsformA\
of stresE, strain and a memory function respectively.
dHere the‘memory'function,fm(m),'describes the nature -

of the louss mechanlsm such as v1sc051ty, Sulld fchtlun,

etc. ThL memory must be ‘an eqen functlon of frtquenty
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O

in order to have energy dissipated equally over positive

and negative frequencies. There are a large;number of

) g ) £y

models suggested to describe the loss machahism since
Méxwell,(1866). They are usually expressed in the tlme
domaln by a sultable approx1matlon of laboratory measure—l
ments.‘ By calculating the Fourier components of the
time model attenuatlon is also defined in the frequency_
o . ™
‘ domeln. A large number of laboratory:measurements on
Bolid materialS“(Knopoff}71964) showed.that, for strains
less than ld-G} attenpation is_independent of amplitude
of strain and linear for sufficlently,large‘frequencles
but,non—linearity occurs arouna-zefo frequency. |
Accordlng to Hooke's law, the ratio of ‘sTres t/ﬁ
straln “is e parameter called the modulus of elas idit
Then in equation (1), the memory function is nothlng
‘else than a complex modulueﬂ One wdy of treating the
croblem ie'tolexprese an elastic modulus as' a complex
function ln the frequency domain. ‘for example; in

. : v
iscotropic lossy media the two elastic paramefers wtl}

bé - L
. ek
A= lR + 1 sgn w AI © a L
- (2)
bo=g *isgnw ug R
Jr+l R [V 0
sgn w = ¢ 0 w = 0 -
\"l }\ ) <‘ 0
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whefe A ana p are Lame constants and the sign w function
1is required S0 fhat th@:eﬁarezreal space—timé loss
mechanisms andvstress cOmpOﬁents. This approach can

be thought of as a modification of Hooke's law. As

will be shoWn beloﬁf introducihg complex e%éstic modulii
is equivalent to having a spatially damped“motipn in

. d
frequency. In equation (2), the elastic parameters have

been assumed_to be independent of frequency. This is -

equivalent to having frequency independent velocities.

*

However, Futtenmnﬁ§l962) caléulated the Fourier trans-—

KLV .
form pairs for a model in which -body waves are dispersive.
%, For the frequency independent gg;é&’éheAWave

velocity in a lossy media can be ¥xpressed as (Bullen,
S , R & ,

1953)

A4
. M, + i signu. M ) \ L
v2 - _R I | ‘ (3)

o

‘where;o is the density of the media and M is a complex

L elastic,modulus, “As an example for P (compréSsilnal)

waves

v v /. .

- £ <y

= A, A Moo= +7 2 .
MR R T 2R oMy ,,\,I_ "L )

From the defin;tiun Jf a phase ahglc--
. ¥ wn - .
MI ’ o KR ‘ : ’
~ = £ N . - AN

6 x i fgl, MI ?R :

N

1

The inverse of the 'phasé angle, o, is defined as

Y]
‘



qualaty factor, Q” This dlmenSLOnless qaantlty has

been used S aJmeasure of attenuatlon in electrlcal

Y [V

rfc1rcu1t theory and many branches of phy51cs. ‘'There.

. y
are a ndhber ‘of dlfferent deflnltlons of Q in the

quantltles, 1t can be shown that they are: equ1valent
Qh , ’
For,example,‘lt can be deflned as
: e e

Q = L s

where AE is the: Energy dlsslpated and E is the max1mum

L

energy stored in .the system per stress cycle. Another
definition is that 1n a spatlally damped motlon where

the restoring force is proportlonal-to‘the amplltude
. 13

of’vibration, the natural logarlthm of the amplltude

ratio of succe551ve 0301llatlons (logarlthmlc ‘décrement)

. [ : - :
is proportlonal to the inverse of Q E . " ’ -

lad

(6)

<

‘In all these deflnltlons, an exponentlal type attenuatlon

results. If we con51der a. pl*nt wave - propagatlng in
the z dlrectlon 1n 1sotrop1c “ossy media with a certain‘
veioc1ty,~then at a tlme t = O$;t canbe‘ﬁritten as

| o “. . | . ,
-iw (o/ Mp+i sganI))”" z .-|w|z/2CQ -iwz/C

e . . ST =el L e . (7)

3
. : o e S

A

-~

. This repreésents afplane wave propagating with a velocity, -

e S

-
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e ’ [N
C, whose amplltude 1s damped with dlsta ce z in an
Al
amount determined by the freguency and
‘Qﬁ/ The phase veloc1ty 1§m§IVén‘by T - o e
- i . {_
SO L g o T '
= = Re {( — —) "} . , . (8)
.‘C o MR f } sgnurMI ‘ .
"and thé spatidl attenuation eohstanf will. be
‘l . ‘._‘u »
w ' & 0 ST IR (9
a = sEg~T wIm (g + I sgna W ) e -(9) N
: R A |
: Equatlon (7) is[a parricular’solution of\the differen-
tial equatlon of motion of a medlum posse551ng SOlld‘
‘frlcﬁlon (Knopoff, 1956) \,y‘._‘ R : N

~
2=

: _ . . 1 9 : _-; —' . " 1 3 4 o ‘
: :‘ /“ : : L e o »(lO)
where Q_ and Qg are quality factors for P and S waves

<

respéctlvely

"

SOlld frlctlon is one of ‘the phy51cal modelé
fo@yattenuatlon/where the phase veloc1ty and the
.quallty factox Q are not a functlon of frequency.

”ThlS model 15\strongly suggested for SOlld materlals‘“

‘due to laboratory measurements but there is no theory - /(’
to explain’ every: aspéct of solid friction.»”: .
Wehavegseen that attenuation can be sufficiently

‘descrlbed by hav1ng complex veloc1ties.. USing equations

(8) and (9), M ‘can be eliminated' T



w : 76 -
M_ - - 2 o ] ‘ .,
P [407 + 1]
- ‘ ' . ]
CIf Q >> 1, thén gpproximation will be

: . l E } | - | - ?‘

L _MR < . ' . - )
(—p~) = C . : - (12)

e "

on the otheg hand, 'using same equations (8)'and‘(9),“it

. ’

,‘ca@ be written A
- / L]
1 _ 240
C W -
or
o e . _
iRe{(M 4;i sphnfM ) %) = -2Q Im{(M I gAﬁ'-M )i}f (13)
o Vet 89 I . R R SN
, S . : : 4
and we have ! . . Efﬁ\ '
' v:.)\ . l}\ . o ‘ ° . ‘ <-4,,'/
B R B o
pr Qe oo ' |
- . )
using
« Mo ' M
— . I, - - R, *
V= (5 Vg, = (F) {;ﬁ
I 2Q s : o ’

Then equations~ (12) and (14) determ;pe the reai\gnd
. N P ‘ X . YL

'Q}\

N

imégina:y part.of veiocity.

Y. 2. ;Attenuatiéﬁ;prqperties of crust

In many’research works, attenuation properties
R o : : ’

af the crust has been treated together Qith\atgénuation ‘

T~
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[1n the mantle or atten atlon characterlstlcs haveﬁ%

- o o‘% }

‘been used by comparlson of. laboratory measurements.?l

Howc.er, it is dlfflcult to 1m1tate phy51cal states of

| the interior of “the‘solid Earth in a laboratory Born

" (1941) dlscussed the nature of solid friction and
viscous friction ~and attempted/io verlfy his dlscus—'
51ons by experlments uslng.bar type saﬂple rocks. ,
* OSC1llatory motion has- been set up at ont end of’ the k
bar - and motion is detected at the other end‘bv”a c011
From ‘the damped resonant motlon of the bar, hé calculated
‘he logaélthhlc decrement u51ng the-width'of}tne resonance:l
curve. His results can,be summarized as in the follow=- |
‘§.;1ng table:. . - ‘ o L |
Resonant'rreqplk;ﬂzﬁ~i ;9;
ce : : , - . 1
Sylvan Shale - o 12.80 I 70
| ’ 6.5 . 15
| 3.36 - 73
_ Hunton Lihestoﬁe u | y ‘.: 10.55 '?., 60_'
| . f T 282 72
T : Amherst Sandstone ,‘ ©1.26 - 55 L
| | ' o 0.93 157

Born used the . abovefhven dry samples and concluded that
losses are due. to- solld frlCthD but unconsolldated,

sedlments near the surface may‘exhibit_plastic behaVLor. .

s



".under laboratory condltlonsBlrch and Bancroft (1938)

-Therefore,'there could'be viscous losses. Similarly, 7

-

e P3
studied forced resonant vibration of a long Column

P e e

.of Qulncy granite, They used longltudgnal,lflexural .
and torsional waves to measure dependency of”velocity-
and attenuatlonﬂon frequency . Their result showed a"”\\
Q value between. lOO 200 over a frequency range -140-1600 |
Hz, However, the same-authors (l938b) measured a Q
value of 1200 fo;ftor51onal v1brat1ons of a small granite
rod at-a frequency about 7.0 K. Hz under a pressure of
4000 atm and a Q value of 180 for a pressure of 200 atm
at the same freqﬁency hnopoff and Porter (1963) deter—~~
Hmlned Q = 80 for Westerlv granlte from thexRaylelgh wave
ianaly51s 1n “the frequer - range of lOOL4OO K Hz. There
rare a number of research work done in. measurement of
attenuatlon in situ. | Among these, McDonald et al. (l953)
.Ehave done a detalled study of attegbatlon in the Plerre
Shale near leon, Colorado They easured. attenuatlon
of vertlcally travelllng compre551 nal waves uSLng
51gﬁals\,ecorded by flve detectors po51tloned in the‘H
bore holes at varlousldepths in the formatlon, whlch‘gas
about 4000 ft thick. An emplrlcal frequency decay law is
stated. u51ng ‘the frequency spectra of recorded 51qnals
'.1n the frequency range 50- SOO Hr. They concluded'

that attenuatlon 1s a. functlon of the flrst power of fre-

'quency contradlctlng tRe work of Ricker (1953) at the same

& .



siﬁe,,whdAfound‘éhiattenuation.rélatipn whiéh iéié
function of the Sguare éf frequency. The Mcbgnald et al. -
reéult_Shoﬁed a Q value Qf aboht'lo-é3 fdr Piérre
Shale ahd no‘d;séersibn dbserved; However, ﬁhey ﬁavé
,noted'that'diSpersibn may_bé impértﬁnl'in thé‘&eathéred
ane; Collihs and Lee (£§56) used a limitea'number of
strain recoidinthaken éver a- small distanée'to deter;
_ hiné attenuation parametefs in sandstqnef  Their*'
-fesults gave;a Q value of 7*oyer tﬁe fgequency range 100-
9OQ“H2 for compfessional‘waves; ,HoweQer,vthey could
‘noﬁ haké,aﬁ§ éoncluéionsdue to insuf%icient daﬁa;
Mahy,labqratory'measurements forbatﬁenﬁatioh
héyemﬁééﬁ'péffbrméa"étl 1argé“Eféquéﬁbiééﬁ““dﬁé“obEaihs"
L a high'rééoluﬁioh in the data and so determihes the

dispersion relation with frequency. It is well

agreed'amohg'a‘numbé: of autho hét attenuation®
is linear for fhesé‘high ffeqdéﬁ@ies. . However,
the seismological spectrum is centered at about 1 Hz

which is‘well'below_thé range”bf'labbrétory measure-

ﬁehts.‘gon the other hand,jit is Welf*knéwn from expe-
rimental seismoiogy that-wéVesgwith a-frequency neér
50‘Hz create gréatbpr05lems in_infe:pretatioﬁ sfﬁcé ‘
at theée ﬂigh f%équenciés elastic-anes are very

sensitive to inhomqgeneity and,aniSOgropy of the crust

~and scattering becbmes important."Thé first low fre-

o

quency attenuati@n_ekperiment has been_pérformgd by

s

'
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They have attempted to measure

‘rlCElOH'ln shear modulus of Solenhofen llme:m"“"w
frequeRCy range of 4- ld7Hz. Using torsional'
sample whose'den51ty is’ 2.67 gr/cc

3.1Lkm/sec}$their results showed .

u
. £ " Qg
3.89 Hz 850

;3&l?§2)' Pperforme attenuation

Ea)
)

e measufeménts»ln tne‘laboratory u51ng a wide range of fre--

nﬁS:anq th 2n comgared w1th a standard steel ‘beam.

).uh s

[

-

They found that while Young's modulus remalns constant
w1th1n % for all frequenc1es[ Ehe Q varles at low

.frequenc1e ’ but 1tils cqnstant for hlgh frequenc1es.
Wi

7*\\Va££ation Of Q at low freduencies is noted to increase.

by a factor of two as compared'to the value at high

. . , L 2 . v
frequencies. Their results are as follows:

;.e c | R f \v

: 1‘w" £ Q
Upper'bolite Limestone <2 Hz - '-360.
| _ LR |
20-40. Hz  180:18
ylo?sd‘xtnz o 310515



; £ 0
‘Dolerite .. @ Hz 360 )
S - T TS R T 180418
Hard Chalk o . <2'Hz 220
11-66 K.Hz 70 £ 8

Tullos (1969) has  used trarisfer function analysis' to

meaSure attenuation in Gulf Coast sediments . Analysis
ihas been carfled out'u31ng vertlcally travelllng waves
in & sedlmentary layer of 1000 ft. tthk recorded in: "
fa grequency range of 50- 400 Hz by array Of sersmometers.'

ﬁhQ values have been found to be hlgh for these sedlments

jfor Wthh the veloc1ty structure 1s well known:

. . \ . i .
e . - . . / 3
T . . . ‘ . A

a0 gt

Loaﬁ;sand-clay - r,ijlo o 5
".Clay—sand ' : .- .75-100 o : 420
‘Sandy clay y . 100%s00 . | 165
Clay sand o >$oo;1ogp,'v' | 315

’ ‘ N ' ‘ N 3

~ ot §

PR

Thereﬁis a,large amounf of researchﬁon the
attenuation.of the Earth's interior.\ In those works (%
' where researchers treated the crust as a part of the

mantle crustal attenuatlon is found to be severe.
{’here is a'small number of published works deallng
- . : RN

with attenuation only.in the crust. Press (1964) deter—

mined Q “values for the crust from nuclear explosions -



s’

« 1n Nevada. He made usgse of channel waves and assumed

. that selsmlc wave energy lecreases with the first power
of distance. His averag= tor Q from Lg waves is Q =

- 450 and Q = 260 from Pg phases. He 1nterpreted low

'.Q'values for‘Pg waves not as a property of crustal

structure but as an energy loss duc to mode Caner51ons.

Fedetov (1963) studled attenuatlon of shear waves
e ‘

'whose frequency is 0 *2-0. 5 Hz propagatlng in the crust

near southern Kurlle 1aland He,found a Q'value w1th

a large uncertarnty:'Q V= 400;200; Anderson et al. (1965)

estimated a Q value of'lOOO for the crust u51ng surface_

waves w1th perlods 50 300 seconds o' Brlen (1968)

estlmated aQ value of lOOO for compressronal waves

’u51ng Early Rlse refractlon data near Superior Lake."

Sumner (1967) made use - of earthquake shocks located
at a depth of 20-180 km, to study attenuation of ? waves

1n southern Peru. He calculated a Q value of more than

1000 for the. crust and upper mantle. Clowes et al. (1970)

: determlned crustal attenuatron from deep reflectlons.

- Hls results showed a Q. value of 200 for sedlmentary

2

\layers and 1500 for the lower crust Hlll (l97l) used

‘%nbllshed head wave amplltude data to determlne Q values

_1n central north Amerlca. HlS results from amplltude

,dlstance curves of Pg and p* arrlvals, glves a Q value grea—

“ter than lOOO for the crystalllne crust and’ 1ntermed1ate

layer in the west. coast normal heat flow provlnces and

.



o | ’
Q values are smaller for high heaﬁ flOW'provinces.

v

He attributed low Q values to the scattering of head

waves, temperature dependent Q values apd negative

crust assoc1ated with hlgh geothermal gradient.  In -
- his work, he uded a crustal odel w1th 2 'km. low/- =

ve1001ty sedlmentary layer (V =3.0 km/sec), overlylng
crystalllne basement (VP = 6 0 km/sec)
' 'Brlan (1973) utilized 4-40 sec pesiod surface

s .to determlne attenuatrouﬁ%m central north America.

stimated an average Q value for shear waves of //'
“about (75 300) for upper 15~ fO kﬁ\portlon of the crust
Q = 2000 for deeper part of the crust. He 1nterpreted
this rapld jump in Q values as a p0551ble temperature
=1ncrease ‘ahd ‘change in chem;cal constltution'of the

- ~Crust at~intermediate depth Ho;ever, he- was not able
to predlct a Q. value for P waves‘

| In a tectonlcally,complex area,'O'Neill and

‘1ﬁealy (1973)‘reportedrve low Q. values along the san.
Andreas fault‘region For tife uppermost part of the
crust they have estlmated Q values of 35-100. -In

~ some reglon Kurita (1973) has aéuc1dated Q values o

about 90-160 for the upper 6 .km of the crust and for

sedlmeAiary rocks it is as low as 35 =40.

v
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- 3. Spectral fatlos for dlSSlpathG crustal‘models\and ’

< S

appllcatlon to earthquake data

~In one of the attenuatlon models, the memory

El

functlon in equatlon (1) 1is expressed as a logarlthmlc
: ' a .
functlon in tlme whlch fits a llnear behaV1or of atten- -

o

uatlon over a large range of frequencres In thla model

“phase veloc&t and quality factors are funt
jfrequency (F terman,/l962) ‘howevepﬁ a cuto
quency is 1ntroduced to approx1mate labo;atoryk \' ;¥~?
measurement Above the cutoff . the Q is llnear wrth',‘v
'frequen0£ ‘while below the ‘cutoff fredu\\cy ,Q is assumed

/ensen (l970) S \Sh

'.applled thlS model to real materlals and spectral ratlos.

to be 1nf1n1te Wuenschtl (1965) and

In thlS the51s, freqhency lndependent Q value and phase
veloc1t1es are used. \Ltenuatlon is 1ntroducad 1n the
Haskell- Thomson formulatlon by making use of complex *
veroc1t1es. }Attenuatlon is alloxed to be 1ndependtnt
of .the sign of frequen%y and dlstance travelled by the

;

wave ‘in’ the z dlrectlon .The proper srgn ys chosen fo

é

the exponent to account for the correct direction of
vtransmlsglon for-a wave 1nc1dent at the bot tom of-
laye@ﬁﬁf@%ﬁla ~ In Flgure 1, the transfer ratlos for

<

one- of”%ht 1sotrop1c Alberta models are- shown for

dlfferent Q values T In this flgurt, the Solld line

+

»rtpresents a non- atttnuatlng model. - The attenuatlng
. A

models are only. shown by their envelopes on. the graphs

s



Fiéure iv,l
1
i
> 0

Compariégﬁ of transfer ratios for attenuating
~ models witH%the non-attenuating one.
® ' .

. f;
8 . ';5;_‘/‘



N . W - -
2 s : -
. , . )
- Peay B | s B ¢
. P o~ o P &
ﬂ ~ .
s A ~
5 L - . 4
. { - +
© ~ b ’
& ) : : i (TH) AoM303 ‘
o 0¥ L 3’8 LR o8°h [ X K]
Y r T
. M‘ -
. J . s
BN M -
. e !
. vV )
« i !
H
. !

Sh'E ‘8./%# 1 .00°% C |h 800 -

0°e 00 i 1 AL N 0°Sh
£L-2 00" i St'e 059 0°st
oL 00 i LB ) ot-g o2t.
122 00 1 (YA W €t 02

Hom B b T H13 IHd JIADNAS - (OXS/00d KNHLIX

<

. E T S B
o oo : o T ,.,/Omuo - o ; w
_ . v OIlby  w®3sSNBeL -, .
i = . § . ’ L . .,.n B



Very small values of Q caluse the spectral level to-
increase with,increasing'frequéncy. For example, for

3 -
Q = 50 Significant differences from the non- attenuatingwh

model - occur at about l-2» Hz, 2 60 Hz and 3.40 Hz.

Among these, the one at 2. 60 Hz. 1s the most 1ndicative

for attenuation. This peak ‘has an 800% larger amplitude

than the second larger peak at a frequencgnof 3. 40 Hz.

Models for Q = 500.and Q = 2000 have very little dlf‘<.'

ferences in amplitude from a non- attenuating model' at

)

all frequenCies._ Letting Q increase with depth in

the crustal section (Figure 2a) creates no distinct -

‘differences from a non- attenuating model. All models

‘have negligible differences inaamplitude for frequenCies

less than 0.80 Hz for:35qdegrees of angle of incidence.

'For angles of incidence of 5°, all models are almost the

~ same at frequenc1es less thah 0.3 Hz | Amongvthesep

calculated models, diss1pat1ve ones have shown no-
frequenCy shift for-a.sampling frequency é?E@?0122 Hz
With respect to non- diSSipative models for long periods.

. 2 ‘
But major peaks which are- -indicative of attenuation at

- higher frequenCies-are displaceo R much s two samples:

o

" Here, it is assumed‘P.and'S-velocities,have the same

, : . P ¢ .,: / v
quality factors. However, if we were to use a different

quality factoflfor_s waves iollOwing’Knopoff;41971,_it

would be: . ‘ . ) s

% =70 Lo S ae



*

‘Figure IV.2 ™

\

A transfer ratio for-atﬁénuating model

and its time synthesis.

»
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4
then;more distinct~amplitude changes wlll occur in
the transfer ratios. This is due to exponential
factor: T
}" ‘~é-mz/2vsgsv : N o (15)

where VS< VP and QP> Qs. Then the exponent will be
larger than the'similar_exponenthfor P wayes for the Same
frequency and‘distance z. Therefore, the horlzontal
component w1ll be damped faster than the vertlcal com-
ponent for all frequencres._' |

| A synthetic seismogram can-be studied for an
attenuatlng model by taklng a Fourier inversion of

the transfer function, prov1ded that the true phase

is known at each frequency "In Figure 2b, a synthetic
selsmogram -is determlned for an Alberta model including
:attenuatlon._ There are. 51gn1f1cant amplltude'dlfferences
from the non- attenuatlng model " The time synthesrs was
obtalned by a convolutlon of a pulse w1th the crustal
lutransfer functlon calculated using Haskell- ThomSon
.matrlx formulatlon. The source pulse is a sine func—
tlon Wthh has a decaylng énvelope in tlme and the

'frequency of the pulse is centered at lO Hz..'More

B

jdetalled calculations of- theoretlcal selsmograms will

¢
3

be dlscussed ‘in another chapter. What is clear from
Flgure 2? is that the amplltudes of dlfferent phases

are decreased with respect to the non- atﬁ%nuatlng model

-



However, the felatlve amplltude decrease among phases

is nearly constant. . This makes determlnatlon of a Q

factor, by making use»of the amplltude ratio of two

or more phases in time domain usinq «xperimental

seismograms,'yeryAdifficult. ‘When\yery Low vatues

of Q arevused; the shift of many phases is about 0.3

sec in the time domain. This is because large, phase

shifts are introduced in the frequency domain when Q

-values are gmall. Large phase variation due to severe

'city layer;\velocity and thickness“for the layer must

¢

attenuation might‘make Fourier.inversion unsuccessful

when time synthesis‘of a model is required. |
When determlnatlon,of attenuatlon is de51red

for a crustal structure u51ng transfer ratlos, exact

amplltude correlatlon between observed and theoretlcal

responses is necessary. ‘ThlS requ1res a well callbrated

recordiné system. On the other hand, for a given |

crustal structure, if there is a sedimentary low velo-

be known accurately,and veloc1ty contrast between layers

\)'

has. to be reasonably ‘known 1n order to - lnterpret large -

amplltude varlatlon 1n the transfer: ratlos. Never—

theless, modelllng of large amplitude varlatlonsas in
/

Flgure 1 for the case of Q = 50,‘by us;ng'veloc;ty

contrast or varlous-P01sson s ratio is difficult since



: > ' - : . \/ 90
. . . . -
these quantities generally have an upper and lower
limit for a realistic Earth's crust. On, the other

hand, due to finite experimental data, a-calculated

‘spectré using real data is qonvo1ved by ackind of window.
. ‘ ‘ ) }

Generally, -this window is not a simple dne in order tq

increase reliability of the 6glculated spectrun; For a
better comperison of theoretical and experimentel spec—‘
trnm amplitudes, srmllar w1ndoWs must be applled to both
speétra since the w1ndow is a significant factor for amj
plltudes as well. A spectral w1ndow less than 50 seconds;
nellmlnates completely large splkes as in the case of

'Q = 50 in Flgure 1 and makes the transfer ratios 1ndls—

tinguishqble'for various Q values. HoweVer, for speetral
- windows of more than 50 sec length, spectral amplitudes
.‘ N ! - ) A N ' LT ) . "
are independent of window length and only in these cases

N . ; R ) _ - . . :
more convincing comparisons of amplitudes between theor-
. ‘ » ‘ 'D . - .. -

etical and experimental spectral ratios are possible.

Another éignificaptvfactor affecting the ampli-
tudes of experimental spectral rafibs is additional

phases such as near source ?r core reflections. These
) )\. . L » R . . . " . .,

additional phases create mu}tiple'pulSéjproblem(En\a

combined layered response. Even when these additional
phases arrive with same velocity, spectrél ratio amplitqdes

are. found to increase 51gn1f1cantly. If deep earthquakes

'are used for the study of attenuatlon, then’additibnél

.! o . .-~

phases can be neglected in the'analYSis;since these
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phases arrive out of the windqulength for earthquakes

" which occurred at far dlstances and large depth.
’Effect of addltlonal phases and earthquake magnltude
on the amplltude of spectral ratios will be discussed
; extensivelf in ahother section of this thesis. During

: vthé spectral analy31s of 1970 earthquake data recorded o

»

by the VASA statlons in central Alberta\‘an attempt
was made to determine attenuatlon._ Several earthuakes

_had no addltlonal phases 1nc1dent w1th1n 501}0 seconds

of time. One of the results recorded at Pine " Lake is ﬁ%%l

R )
‘shown in Flgure 3. . This selsmogram has no_predlcted o

additional phasesqup to 102 seconds when the pP
refleothnlarrives;.*Thevcore refleCtlons are inci-
"4dent at the same time as;the'maln,P arrival but this

has no,effept on spectralaratios (this will be shown in .
anOther seCtionL_Spectra>of vertioal and radial motionluwe
‘been oalculated by-lnversion of the smoothed auto-correlatior
function. Smoothiné hasfbeen achieued.by‘af70 second -
‘Parzen window.,.The earthquake,was located at 77,§°

distahce away and the'predioted_angle of incidence at

the bottom'ofioruif is about 25—3b°) corresponding to

a phase velocity about 19. 25"to 16.16 km/sec. 'This

. “\
\('\

?spectral ratio was comparable to the theoretlcal one

';for a model shown 1n Flgure 2a. DlStlnCt features of

the model for dlfferent attenuations are almost kept éffu

.
v v
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“unchanged. If we study. the experimental ratios shown
. . ~
. in Figure 3, there are no features resembling the model -

with Q=50 but agree fairly well with the;one with Q2500. N
For thlS 1nterpretatlon assumptlon of constant phase veloc1ty
and the well known velocity varlatlon with depth as

shown in the model is necessary.
Spectral ratio models do not discriminate

agairnst various attenuating models for a source
R N v . S

distance less than 16°. However, differences'between
non—attenuating and severely attenuating models are-
still 51gn1f1cant for small angles of incidence. -

From the study of peak p051t¢ons in o S

Y-

‘ el
experlmental and theoretlcal spectral ratlos, 1t . ?
. ‘f
e
"i".)
. iy .
Perhaps it would be p0551ble to say more about attéh—

is clear that there are signifiCant differences.

£

uatlon when a better flttnx;model is found at hﬁg%;r.

amplitudes may be attempted.

4, " Discussions  and conclusions

4
»

*\‘ ‘ From the review of published researchy a number ‘@
of conclusions~can be reaChed Laboratory measurement -

'of attenuatlon cannot be accepted as a’ representatlve_

‘value for the real Earth The consensus of oplnlonls that
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forbhigh freguenqies,atéenﬁation factor is:lineaf.‘Hdwever,
nonlinear attenuation ek;sts'around zero_fréquency and
the eXact cutoff frequen;y is‘not qertain. .Unfortunately;
‘the rangevof oui seismic spectrum lies in this nonlinear
‘region and there is a larger écattér of data.in this band
‘of the‘ spectrum: Mechanism of loss in - solid materials
and.tne Earth,is-still an unresdiVed_prbblémﬂJ_TQaay
one ofitﬁe two prihcipal theories proposed to’expla{n
anelaSticity_ié solid friction, ‘where Q aha phase
_veiécitiesfarevnétla function of frequendy (Knopoff,
‘1956); the othei is causal dispersi?e attenuaﬁion
‘(Futtermah, 1962) . Theré\are allarge ﬁumbe%-of experi-
mental data supporﬁing néé—diépersivébétfenuation in
SOlidsﬂ‘ However, Wuenééhe;,(l965).shoyéa that vefy
smali aispersion can significantly‘affect aﬁtenuatioﬁ
chaiacteristics. Both theories have a mbdel-fgr thé‘
nonlinear attenuation region, but no firm experimqntal
'evidenqe éxisté to supéort any of.thesé;

The nature of the loss mechanism in the‘réal.
Earih can be divided in tWQ parts:
| aJ}LosseSvdue to-rock_formétiOns iﬁ natural
s;ates. ”
lﬁ&yg%Sses'due to 6ther causes.
1n ﬁhis>ciassifiéation, part,b)éo&ers avwidelrange of

causes such as reflectipn, transmission, scattering,
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AT

etc. In-geﬁeral, this is a representation of the

real Earth in terms of wave propagatlon. Part a)
represents attenuatlon, for whlch measurements L 3
have been attempted,'that is stress relaxation

due to the atomic or macroscopic structure of

rocks. In an experimental attempt on the real Earth,
sthese two causes generally argf:;separable For a
correct‘measurement of the Q.factor, the Earth'has to be
modelled to a sufflc1ent degree of approx1matlon. Channel
: — r
,,f~ff"’ﬁa;es~and head waves, due tp thelr propagatlon patterns,
3 are sen51tlue to the. lateral rnhomogeneltles ‘in the
Earth _Attenuation measurements u51ng these ‘waves,
generally, show large varlatlons even'for*fhe'mantle
region of the Earth, | | .

divaers.increase with increasing pressure and

temperature but afterra certaln temperature, thermo—';

N

,frlctlon becomes 1mportant (hnopoff 1971). It is m@st
llkely that the attenuatlon mechanlsm becomes more com-

plex in the deeper part of the crust
A solld frlctlon loss mechanlsm predlcts a lower

.Q values for S waves.. ThlS is due to the argument that'

permanent creep is almost never observed in a deforma—

tion experlment in which the sample is compressed

hydrostatlcally but not fractured (Knopoff 1971)
.v‘ThlS argument 1s agalnst the other theorles of lossj

. .

mechanlsm (Walsh, 1969)._ There are a.large number?
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3

o7 measurementS'wh}ch showed larger.Qs than Q, (White,

1965) . Cn the-other hand, f rom snrface wave stddy,

Anderson et al. (1965)‘observed:thath'values for P . oy

wé%ég are 2.4 and 2.6 times larger than Q values, for

. S.waves,

3
ol

In view of the experimental data mentioned
in section 2, it w1ll be falr to assume Q = 200 250
for a 2 km tthk sedlmentary layer composed of a series

of shale, sandstone, dolom;te, _llmestone, etc. and

1

-Qﬁ = 1000-1500 for a granite basement and lower crust

in Alberta. Durlng the analy51s of 1970 earthquake

data recorded by the VASA statlons, experlmental spec—

tral ratlos have been compared w1th various dissipative
i

A

“theoretical transfer ratios. This comparlson sugg °;'

an average value of Qp'z 500. However, the results are o

not conclusive due tojan,insufficient'amount of reliable
o " . . o7
data.. More'reliable'Q'Values as°a function of depth

) cannot be. determﬂned at thls tlme, u51ng the spectral

ratlo method
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Y

’ datawererecorded on’.a magnetlc tape dlgltally

'sampllng rate of 12.5 ‘samples per second.

2. EDM station

V. Crustal Structure in Central Alberta : '

from the‘Spectral Ratio Method

1.. Experimental data 7 R s

. ‘ ¢ »
In this thesis, an attempt is made to resolve

crustal structure‘in Alberta using'about 50 earthquakes

“ded . by varlous seismic stations (FigUre 1l). -The

7’

‘were calculated usrng the method mentloned 1n sectlon
Experlmental spectra have been compared w1th the two

dlmenSLOnal theoretlcal ones. A21muthal,dev1atlons have

M [

- been measured at every station to detezmrne ‘the effect

0
o 4

of wave scatterlng in a three dimen 1onal case.  Station

-

residuals have,beenvused in the 1nterpretatlon Qf spec-

‘tral ratigs.

o Event 73precorded-invl970 has»ho additional *
phasesiprediéted within*the.windOW lehgth. Tgis event
has a'prcmihang peak'at,O;I‘hzj(Fiéure.2). ‘Other
events-have a peak“at about the same frequency but JF'

small dlfferences in: peak p031t10n ex1st : Events 71,

92,.93 showeq afnomalous ShlftS'ln peak position at

s

t‘ < i . . . . N N . . - N .
lower frequencies indicating a thicker crust. However, -
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. Figure V.1. i
ST : \

Location of array of stations. ‘\'
: . .
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Figure V.2

L

*

Lofg period spectral ratios for EDM station.
Frequency of expected holes . in the spééﬁral

ratios has been indicated by the arrows.
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.
all these events suffer dlstortlon due to additional
prases such as pP and PcP. These additional phases
produce holes.1n~the”3péctraTVWHIch distort the ratios,
but the large observedbfrequencyvshift of 10 mHz
Cahnot be‘attributable onry'to the additional phases.'
o ~Short periods of spectra were found to be'morev
" sensitive to the noise. By noise we méan signal gen-
'erated'noise suchAas anomalOUS conversions in crustal‘
layers or surface wave type nofse. A large-peak at
about 0.5 Hz was very well dupllcated on all evemts_
(Flgure‘Bffﬁ7A:second peak at 1. 60 Hz was also well
establlshedK;Lt lt ‘has a lower amplltude A thlrd
peak at about 2.5 Hz was nct seen from.all‘the events.
However, accordlng to event 73,.1t must certalnly ex1st
'gAverages of all spectra were . used to dlsplay.lnle
Figure 3 the most probable peaks and'their_positions.

In Alberta a large uumber,ofvcrustal iuvesti—'
.gations have been carried(;bt‘in the past.. Houeuer,
" most of these studies have been done,in’the SOuthern part
of‘the provipce; In-earlier’spectraidratio studies 2.
.(Alpaslan,51968} Sprenke} 1972); a southern Alberta: |
crustal.modei (ALTACRT—2) has been used as a startlng
model.‘ This model dld not fit the observatlonal
Spectrai ratlos as shown in sectlon III A reflection

study (Ganley and Cummlng, 1974) near EDM has brought

'-d some clarlflcatlon to the crustal structure in thlS



ARt S A RO

}Qf 3,

Figure V.3

3

Short period combined spectral ratios for EDM station.
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region. Although'this work is‘not complete, clear
hreflections have:been identified at 3.5, 7.5 and<
10.7‘seconds. According to this work a model

has been construCted forlthis area V(Table 1a1)

which has a total thickness of 36 km. A low velctity

layer of 2.3 km has also been included. 1In Figure 4,

. possible,mOdels haVe been displa;§%t A low velocity‘
layer diddnot have‘a prOnounced'effect in this band
,of_spectrum. Removal of the sedimentary sectlon does
not lnfluence peak oositionbbut significantly.affects
:the shape of the spectrumX By remowing av4 km thich
intermediateflayer‘(modef/3), the peak p051tlon is
dlsplaced B§ about 4 msztowards the lower frequenc1es
ThlS is an expected phenomenon because the high veloc1ty
- layer is dlsplaced by a lower veIOC1ty layer-. which
decreases the travel time. In this frequency_band

_ layers with veloc1t1es of 6.4 and 6.5 km/sec are not
dlstlngu1shable. In Flgure 2/ the experlmental spectral

ratios were compared with model 2. It is clear that

»the peak of event 73 has been sllgh%ly dlsplaced to

I~

the- lower frequenc1es. If we keep the crustal thlckness‘

constant at 36 km. the experlmental spectrum fdvors a
Smele layered crustal model

Then, is there really an;intermediate:laYer with
~a high velocity? Same model canvbe produced'lf;we have

thinner crist with a lodeelocity:or thicker crust with
!\'J . - . . N N -
& f%
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. - Figure V.4

Long period spectral ratios

from models givéﬁ¢

in
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a hlﬁh veloc1ty as in Figure. 7. Residuals at this
'station show an early arrlval at all quadrants
vTherefore, a thlcker crust w1th a hlgh veloc1ty zone
~is p0551ble but the ‘amount of the residuals does not Co
suggest any large changes in thlckness—veloc1ty rela-
tloms. o T
The sedimentary layers ofothe model'control
.¢he shape of the spectruﬁ at-higher frequencies.

- ’The deeper layers of" the model have an 1nfluence on

the amplltude of the spectral ratlos. A two layer

Py

’sedlmentary structure has been found to be- széisfaCtory

to: produce the ba51c pattern of interference ¥%hich is

observed (Figure 5). In this flgure, event 71 has a
peak of very large amplltude at about 2.5 Hz This -.
lS due to the presence of addltlonal phases. Dipping'

models produce no - 51gn1f1cant shlft in- peak position

N

with respect to the flat model but only the amplltude
-~ of the peaks changes. A very thin Eﬁ% veloc1ty layer'

4

does not have151gn1f1cant effect o, the spectral ratlo

.4

at thlS frequency.» Therefore,_tZ}ssband of the spec—

4

’trum is not suff1c1ent to resolv

.‘by Somerv111e and ‘Ellis (l972) Thls conclu51on perhaps
j'lS not surprlslng that a th%milayer llke thlS LVL can
. / PN -

a¥thin LVL as suggested

et



// |
/’ .
/-

Comparison of experimehtal“spebtral'ratios with' the

. Figure V.5

theorétical’models. At the Bottom diagram all models
representl2’dipping>c:ustal model. Modeislwith a thin
'LVL and HVL have been showh For comparison.

‘ | : | /
: /
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model as well as large peaks; a better seédimentary
model‘can_be found when larger.amount'of‘reliable

spectra are available., In many ways amplltudes of

the peaks can yleld more 1nformatlon, but for this’

~ ’

klnd of comparlson alljlnformatlon regardlng 1nstru—
mentation must be'known.:’InexaCt gains of‘exoerimental
spectrum component have made amplltude comparlson
doqbtful Record character for this statlon was

poor (Flgure 6) in the sense that additional phases

a
change the appearance of record as- well as the frequency

content of I ArrlvalS'Wlth a larger-amplltude than

B

,maln P arrlval 1s a general character of the records.

" As can: be seen, large transverse motlon for

all events is a common factor\ ‘This'sugéeSts that a

two dlmen51onal model ‘is too: 51mple for thlS area.-

i

° } . t
: If the crust were a homogeneous medla transverse

motlon would be zZero. However, 1nhomogene1 1es W1ll

produceitransversely”polarized shear '(SH) mot;oh which
* should have a minimum in same direction. Starting
from this:assumption‘horizontalhenergy'ratios were

calculated'(Kurita}'i972f§ ‘ f

6 = —b I N



-Figure V.6

A few examples of records for EDM 'station.
. ! §
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Figure V.7

A graph of azimuthal deviation Vérshs,azimuth
~and stgtionT:esiddélsi’ For this diagram all
available events were used. For residuals J-B

;ébleé wére ﬁsed.
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;}not produce a peak as other events. These dlfferences

113

R

spectra respectively. Using the known station-source

where E_ and ET‘are the radial and transverse amplitude

azimuth as a starting,angle, data were rotated to
obtain the'minimum 6 value which can be con51dered
as a true wave approach * The sum in equatlon (l) was

performed from 0 Hz to 4 Hz to obtain the minimum

energy for the transverse component - The azlmuthal

dev1atlon was measured for all avallable earthquake

data. As seen in Flgure 7 a large amount'of variation

- exists. However, one should remember that’ thlS method

‘includes p0551ble ml%placement of seismometers and misloca-

*tlon of the eplcentre. Therefore, the pattern of a21mu—

ﬁg&hal deV1atlon is more 1mportant than the magnltude.

i a

3.J’PiN station

'j For thls statlon, data free from predlcted
add}tlonal phases wera found only for the Sh sector.- : ;//
Events 48 and 68 yleld a peak at about the same o
frequenc1es but 10 mHz dlfference ex1sts in- peak

p051t10n Event 73 has very low amplltude and did

~

'cannot be~expla1ned u51ng the theory dlscussed ln this

'the51s.' However, event 48 has .a maximum amplltude

and when comblned spectra are 301ned (Flgure 8), SE
‘group produced a peak whlch has the same: locatlon and

shape as in EDM statlon Model&b’of EDM produces a

}



’  Figure V.8

Combined ‘long period spectral ratios for PIn
station. Event 83 has no resolution at low -
freqdéncies due to lower magnitude,‘therefgre

not included in the averages.
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very good fit to the observed comblned spectra (Flgure
8) . Events belonglng to the Nw sector ;;oduced very poor
results, the shape of spectra belng dlstorted and shiftea
- to lower frequenc1es All events for the NW sector A ﬁ(
contain addltlonal phrases (Flgure 8) and no‘dependable
‘event has been found. 3 | | o
The short perlod band of the spectrum (Figure 9)

has been found to be unstable. Peaks in the spectrum
have shown varlatlons f xom spectra to spectra ‘PeaP

at about 0.8 Hz has falrly well been ‘produced by
.dlfferent events and tue uouble peak at about 1.5 Hz is

also a common feature of the spectrum Comparlson with

DM short perlod data shows that at this statlon the
sedlmentary layer is nuch thlcker and this layer is much
more complex fue to a factor affectlmg the long perlod

- of the'spectrum Llose peak p051t1on of the experlmen—
’tal spectrum. suggests a thlcktr sedlmentary layer.
However, modelllng of this spectrum usrng the theory
nentloned in this the51s is dlfflcult Plane layerlng
is the mosf llkely one of the assumptlons which has
been V1olated Rapld varlatlon in the top 10- 15 km’
reglon ofvthe crustal sequence 1s apparent ir a%)
‘aulmuths.; Lvents from the SL sectors have relagively

early arrival tlmes and large a21muthal dev1atlons for

this_quadrant ( 1gurt 10) . The anomalous variation of



o

Figure Vv.9

A few short period spectral ratios for PIN

station and comparison with same models.
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Figure V.10

Azimuthal‘deviatioh as a function of azimuth'

‘and residuals for PIN station.

c
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the ‘spectrum in Lhis'quadrant shonld bo ru]utcd Lu the

scattering whlch seems to affect the wavolcngths uf

about 30-60 K.

:ggilﬂkM?stations7(RMl and RM2)

Long perlod spectral ratlos at these statlons

o
B

' have been characterlzed by a peak at .Centered ‘around

0.18 Hz. fIn Figure 12;'event 73,isvclear from addi-

tional_phaseS‘and,shows a well resolved characteristic
peakjand alsmall peak at about'0l25 Hz. A large number

of events showed a peak around 0. 18 Hz (Figure l2va'b)

‘but not a second peak Therefore we w1ll con51der this

peak as a real one. Event 73 exhibits a very low reso-

- Jution’ at 0 09 0 l Hz and shows a very small peak

-

‘y"

However, other events génerally ‘show a larger peak at

‘these frequenc1es,‘but all events other than event 73

,have addltlonal phases. on the other hand, event 73

Syt
!w

-hasla lower magnltude Wthh may cause lower r=s lution

I8 . .”’,T E

s

at these perldds.r Therefore, a small“peak centered

‘at about O“l@ﬂz may also be- accepted as a real one

07
N ,).' f

(Flgure 13 c) ' As can be‘seen in Flgure'lB—b

"'L i ’

P ‘

major peak p051tlons can vary more than 20 mHz for

dlfferent earthquakes. Events 73 and 86 produced a

 peak’ at 51mllar frequenc1es but event 84 has the same
fxpeak shlfted to the higher frequencles.v‘Events 84

'v;.a@d 86 have the same character;stlcs‘(Table I)
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.u'(:urdi ng b thc cart hquul e odata; additional phases
ATe Ine Jd( nt aL the samoe t*‘unc For theso o artlnquu}(

source mmchanlsm has nut been st\dled\but record

e

characters are 51mllar- event 86 has l km aetper T*%\f;ﬁ

L

'depth of focus. However, Lhe ﬂarge stahdard dev1at1tn

in depth determlnatlun doues not yleld a soliad campar1;7*
sons Dlstortedylong perlou spectral ratlus due to one: \‘,
or more addltlonal phases have generally leer amplitudc;
and when comblned spectral ratles were formed general .
'characterlstlcs of the sptctrélwert retalned ﬁgf - \
The crustal structure of reglons cluse to the o \
dReckyﬁmuuntalns is belleved tu be very complex.v_Frum.
the spectral analy51s 1t can be seen that these statluns
produced completely dlffeant spectral ratlos than at‘

all other statlons. . In an‘attempt'tu mudel these .

peculiar spectral ratios“using available theoretical'

By

teols; a differe artlng model was used Thls modelp
pruduces only one maj X peak fur long perluds »HParaheters
of the model were . varled to obtaln a sptctrum 51mllar
to the experlmental une'that is a small peak at 0. l ué_
and a larger one ‘at 0.18 Hz;l Flrst the thlcknesses of thL
layers were varled in turn untll spectral ratluS dlc

nut 1mprove to glve a bett;r fit. between e\perlmtnt and. .A
theory. “Next P and S wave velQC1t1es were changed to

o

1mprove the comparlsun between obserVed and theoretlcal

spectral ratlos. ThlS order of varlatlun 1n garameterb
. P _
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'L§‘§ not- - justificd. »,“Uw'\“\/L‘.l‘, such an order of Vdriat.inh
in eruetaltparahotorS_is neCUSsary for the invcrslqn

vf data using an empirjcal methJé.' Ifodel RM1 shown in
-Table IlI produced two peaks-Similar to those‘ubservcd
in the spéctral ratios, liowever, the first pgak at

0.1 Hz has a larger amplitude than the seCUnd peak.

This model has a crustal thiCkness of 35 km. The' simple
Llayered erust'as proposed for oﬁher stations does not
prodﬁce:a spectral_ratio whicCh- has two peaks as in
‘this experimental case;" The amplitude of the seceﬁd
peak ean be increased in two'ways:' flrst by lowerlng
the P wave ve1001t1e5 only as 'in model RM2, whlch
corresponds~to avPolsson-s‘ratio of 0.2 fof‘the whole‘
crﬁSt'- secondly,,by Uslng a thlcker sedlmentary sectlun_
.(model RM4)$ It is well known that the sedlmentary
section of this-region'isévery thickf Ih faCt a 2‘8 km
thick sedimentary section inCreases the amplltude of
'the seCQnd peak Slgnlflcantly to glVe a better flt

9

between theory and experlment In Flguresl4 and 15

-

varluus models have peen compared w1th experlmental
Aratlos. Lvents from the NW sector have larger hajur
peak amplltudes than thbse from the. Sh sector.v-A
dipping model ‘like RM3 1ncreases the amplltudes of buth

peaks. A model w1th eXtreme dlpplng lnterfaces has

not been calculated because the- spectral amplltudes
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' Figure V.1l . ' S

hvent 73 recorded by RM2 statlon and its long

perlod spectral ratlo u51ng Hemmlng w1ndow.

[
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,Figure_v.iQ

Some of long period spectral ratios for RM stations
and their combined versions with respect to. azimuth.

\
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Figure .v.13 . P

Two events from SE sector and their comparison

'with models in Table III.
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"Figure V.14

Three long period spectral ratios and their
éombarison with RM_models; Amplitudes in

tﬂesg”gréphs are true amplitudes.
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“ £igure V.16,

-

Azimuthal deviations versus azimuth and station

residuals.
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- ‘ ‘
are contaminated by energy from additional phases.

- Amplitude differences for these two sectors can be

explained in terms'of,differences'in the thickness

g_TQe spectral ratios at higher frequenc1es for
ithose stations_show closely spaced peaks similar to -
the PIN and TRQ stations indicating the presenoe of

a low velooit? layer or "a thick sequence of ghYers

in the crust.: Most of the energy has been concentrated.
in a‘small.frequency band. - Peaks are broad and the

splitting of peak occurs frequently (Figure 15)

Modelling of these short-period spectral ratios are

-difficult USlng a plane layered model. However, a

sgdimentary S

’tion 3-3.5 km thick is 1ndicated by

‘the model’ eXperlment

L
il

A numbef” of,selsmic measurements has been

© carried out across the Rocky mountains, but most of

. | S |
them cover southern B.C. and Alberta. White and

Savage (1965) estimated that there is a 31 km thick
simpleﬂgrusﬁal section’under the_modntains, Gravity'
. ), .
. N , _ ,
anomaliesffor a strip acrouss the southern part of the.
\.

Canadian cordillera suggest (Stacey, 1973) a thicker

crust 1§Ethis corresponds to the: depth of compensation.

',As far as we know there are no deep selsmic measure-

</

ments around the RM stations. This region;shows-a
Jigh magnetic‘anomaly and a large positive Z residuals

B
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on . the geomagnetic compOnents (Haines et a;.,.l97l;”

! -

Berry‘et al‘., 1971). Therefore, ','bes‘t fitting model
for spectral ratio studfes .can only be correlated with
other’ statlons of ‘the. array. A crust w1th‘a thlcknessk
“of 35 km lSvCOHCOIdant with the ones‘obtained for

£

other‘stations. In addition, these spectral ratio

stgdies favor a multilayered crustal_model_with relafl

S .
X

tiQely.lowevelocities for P waves.

Azimuthal deviations for these Stationsvdo.not‘
+Show any particular patterp‘(Figurebl6) but thevarrivals
from the SE sector are cons;stently’earlier. This

- could be related to a thinnrng of the low.velocity layer
fin the mantle under'the‘plains away from_the‘mountainsp
‘or it could be-effectipely generatedfnear the sourceb

region.

5. 'TRO'and DEL stations T

The transverse component of ground motlon .at

@

TRO . and DhL showed very large amplltudes, sometumes
larger than the vertlcab é%mponent (Flgure 17) " The-
a21muthal dev1atlons show a deflnlte pattern w1th

azimuth- (Flgure 18-a). This pattern of azimuthal

R

dev1atlon be modelled w1th the use of dlpplnq 1nterfaces

(N1a21, 1966; &engenl, 1970) Lhe zero cross1ngs of
a21muthal dev1atlon will determlne the dlrectlon of

dipping’ structure. Durlng the-computatlon‘of.azrmuthal‘”
. - , - . ?9 L .

N
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, . Figure v.17 . .

Three earthquake’ data recofde-d"'by-»_.’IYfR.Q vs't_y,atia'n-,’:
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 Eigure.V.l8v.‘

Azimuthal deviations measuréd as function of
e g | Cal .

azimuth, slowness measurements using all ~
stations in the array and résiduals for.TRO."

¢
i

Azimuthal/deviation as a functibh‘of distqnce

‘and minimum of ratiod of transverse energy to

the total horizontal ‘energy as a function of .

. [
azimuth.
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deviation, clockwise rotation was chosen as a posi-
tivel Therefore, tbe second zero‘crossing wi be

the dip direction. For both DEL and TRO the . cond
Zero crossing is at about 290° a21muth. A slowness
measurement using all stations in the array.has also
been,@hown‘in Figure 19 (After Gutowski,‘l974); in
‘which a‘strong anomaly 1is clear and it suggests a
dipping structure uUnder the array. .However,.this
anomaly can only be correlated to the azimuthal devia—
tions observed at TRO and DEL stations.é The a21muthal
- deviations showed no deflnlte pattern with distance
‘(Flgure.l8—b). N1a21 s tables for determlnlng the dip
angle are not appllcable because the azrmuthal dev1a-
tions are'very large and not regular enough for a 51mply
.dlpplng layered model. Slnce the time re51duals at’
these statlons are small, any dlpplng or faulted inter-~
faces;must”beynear the surfaée and local in nature. A
refraction study . (Rlchards and Walker,il959) does nut
1nd1cate any anomaly in- crustal structure in a north-
south profile in central.Alberta.’ If we assume the
fseismometersvﬁere‘pOSitioned'and operated with suffi-
,cient accuracy, this anomaly is not a large one because
it 1s only observed by two statlons and therefore a
steeply dlpplng crust to the west under the array cannot

be postulated. ' N S



Figure Vv.19

I3

’ AZLmuthal deV1atlons measured as a functlun of

f,a21muth and re51duals for DEL statlon
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Anomalous results were also noticed on the
'spectral ratios (Figure 20) which have.very low am-

“plitudes at these stations. Horizontal components ,
. o)
on the seismogram (Figure l7) have large amplitudes

and some phases cannot be correlated with the ones

on the vertical components. Since horizontal motion

o

' is)generally shear motion, the large arrivals on the
¢ 7 » : T o

horizontal components c
e .

cated to anomalous P
w_éé S conversions, P°§Sib%§%;' v.edimentary layers.r
iCombined”spectrél ratios;ﬁ' E.and SW sectors

have a- smooth appearance but they are well separated
in frequency. fﬁ//sw ;events can be- modelled by a
crustal section about 36 km thick but the SE events
arevbest modelled by a 10 hn thicker crust. Events‘from;
NW azimUth yielded a'spectral ratio with two peaks .
(Figure 20) . Splitting of tnis‘peak position'occurs
aroqnd 290° azimuthz Insufficient data from all, |
‘ezimgtpsmakes-ittdifficult,to interpretispectral:
ratios in_terms of4dipoing structure.-.The.SE events
favordeither a'thicker.crust or slower transmission of'
waves' whereas the SW‘events favorva thinner‘crust»or
fester transmission of waves through the same crustal
structure. Either of these interpretatiocns is compa;
tible with the azimuthél-deviétions.i The distance
between'TRQ and DEL isgaboqt 2Q;mi@es énd:it is clear

that this anomély eéxtends over at least this distance;

™



. Figure v.20° ° ~ - . e
Q'Long period spectral ratids,%%} TRO and DEL and

their averages., S
B “v"'/ . .
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however, 1t is’ not. seen at Pine Lake, whlch is 20 mllcs
to the SW.
. From the record character,,laroe horizontal

motlon indicates anomalous conversion of P to S occurs.
The most probable plaie wrll be the low veloc1ty sedi-
mentary layers. These layers shouid haVe hlghly irre—
gular structure to'aCCOunt for th conversions. |
Therefore, a steeply dlpplng or. po 51bly, more compll—i
cated thlck sedlment.ry layers can be postulated to

explaln ﬁlstortlon in \the long perlod waves while the exa;t

e. résolved at thHis time. _ -
. R e

“-cause of anomaly cannot

<t
'

) ) L 1y . o N
6: Conclusions ~ R . s
Y ’ : e . t
. L ‘v . s o \ ) i ‘ :
In:section.III‘»iffhas been shown that 35 seconds

of P coda allows ‘us to obtaln suff1c1ent resolutlon for

/'

the 1nterpretatlon of long perlod spectral ratlos. :

'

Most of the experlmental long/perlod spectral ratlos
'showed only .one domlnant peak in the range, 0. 05 to 0 2 T

-sz but thére were some . small peaks on each g;de of. the
& hES L . Sp . .)(
major ‘one. The ?1sappearance of the small peaks in °

N

,°some earthquake data may ‘be attrlbutable to the presence

L4

of addltlonal phases but there were some clear spectra'

~l . i

from deep events whlch even w1th\a larger data w1ndow
\

dlso did not show these- small peaks. ThlS can be ex—\,-

£,

plalned by the results Obtalfsd 1n sectlon 111, where\;
. ‘“ .v . ‘ ’ - :
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« ¢

many model calculations with dipping interfaces showed

‘very small or unnoticeable side lobes. Many long

L

period experimental spectral ratios presented in this,v

sectlon had about 10-30 mHz Shlft in major peak posi-

R

tion- from event to event uXThese variations cannot be
explained by additional phases alone and may. also be

due to interfaces, dipping as much'as 10°. “.#
" By the amount of experimental. data taken for

~we assume an incident plane»wave

» which 1¥4 gp_i'i% on the 60-100 km region of the Moho,
.from the statlon to the ‘opposite’ dlrectlon of- wave, .

approach : Therefore, assumptlon of lateral homogenelty

¥

" and no secondary sources. is necessary in. this part’of
: &

the crust _ For thé crustal 1nterpretatlon w1th a. 2 37 km;

N

’sedlmentary 1ayer, the .model calculatlons assume that -

o

about a 20 km reglon near the statlon also posseSSes

flat or»51mply dlpplng layers, Generally,’the spectral

raths observed at short perlods dld not match the ones..- -
ey v toe

:ffobtalned by ﬁrllilng and Ebnlc log data under a partlcu--‘
[

:

lar station.  This would seem to 1nd1cate the' rapld

A -

varlatlons and the v1olat1on of bas%c assumptlons An t]lS
- method 31nce short perlod waves average over large

reglon of Precambrlan crystalllne basement

- EDM’ long perlod analyses indicate that, the crus- -
.. v X
tal thlckness is about 36 km.‘ The amount of untertalnty

4
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'is large because there are structural'variations with
Ny »

a21muth and 1nsufﬁ&crent amount of uncontamlnated data
for all azimuths. herefore, there are crustal varla—
tions in thlckness of about 4 km or the veloc1ty

“structure may . vary from the mean of 6.5 km/sec. Short
Ao )
period spectral.ratlos for this station are well

determlned as 1nd1cated by thelr dupllcatlon on various.
_ events The short perlod 1nterferencerpattern for this

statlon can be approx1mated suff1c1ently by a two layer
'sedlmentary sectlon.’ Uncont rnated events show ¢ much

lower amplitudes than thlslmodel but this may well be

related to the soft layers - in the sedlments and lower

v

- veloC1t1es 1n the deep Crust A thrn low veloc1ty layer

in the upper crust cannot be resolved An the frequency

‘ band avallable

@

,; - Dependable data for the PIN statlon shows slmllar

a

long perlod specbral ratlgs:to the ones determlned for_

‘the EDM statlon. RM,statlons Showad . completely

‘dlffErent lohg perlod‘spectral ratlos and a model wrth
¥ - v )

- < 4

-

¢

ra 35 km crust is, suggested TH% lOng perrgd 1nterference-"'

Y e

/‘pattesn can ‘be. modelled by usahg a larger number of
-

: layers than necessary for other statlons -»TRO and DEL

’

data 1nd1cates a very heterogeneous structure Aflmuthal

devratlon measurements and. record character suggest that

<
“this anomaly is due to a steegly dlpplhg or more compll—,
? .
. cated structure (i;e. w1th faults) in the’upper section.
» T ‘ .\ . .

I 4 ) - -
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The  short period spectral ratios for PIN, TRO ana“DEL

show no correlatlon with each other 1nd1cat1ng a .

o,

«o;dly varylng structure ip the upper" crust Snprt
igﬁ%d energyp

has been concentrated 1nto a small

t i_équency band at the RM statlons and modelllng of -
e ~‘~'}f

”
t

p0531bly lower veloc1t1es in the southern part of the

v array.

&
‘o

sy



CHAPTER III

SYNTHETIC SEISMOGRAMS

-

I. Seismograms £8r P waves
A time history.of the surface motion of a
-layered media responding to a pulse can be obtalned
by CanolVLng the 1mpulse response w1th a source
functlon. Hannon(l964) ~obtained a‘time series for
¥
mAa number of models’ ‘using a low frequency pulse. He
studled the effect of soft layers and varlatlonsiln
the angle of 1nc1dence on’ the surface motlon McCamy
(1967) has made a comparlson between experlmental and
i theoretlcal selsmograns calculated by the Haskell—

«

Thomson matrlx method i -
The»Haskell Thomson matrlx formulatlon ylelds7‘
a complete plane wave solutlon for a layered medium.
lherefore, when a tlme synthesrs is formed all phases
W1ll be 1ncluded prOV1ded that the sampllng frequency
1s sufflclently small In, thlS thesﬁé% synthetlc‘“
selsmograms were calculated for a number of Albertav‘
crustal models by an 1nverse Fourler transform of the N
frequency componentshof the ground motlon A fast 1 L

Fourler“algorlthm ‘was used to obtaln the time response

of" layered medlum o Ny

. 140
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Nel :
) H(w)S(u)ez"l‘“T/N N ()
0z '

>
]

‘Qhete'c is‘the digital frequency index,. f is the timedp
e~_index‘and'N*isnthe total number of digitéllpoints as.
ld;a power of* 2. H(w) isvthe complex transfer'function
::obtalned.uslng the Haskell lhomson method for the
ddlayered medla in which seismic anLSOtropy and attenu-
b_atlon may ex1st S(m) is a functlon representlng the
source pulse. The time 1ndex‘T is limited to T <N-1.

| IniFlgure 1, an arbltraéz source pulse functlon

~ was chosen to be (Hron, etwal,, l972)

‘ —(awot>2,: -
vS(t) = sin(wotl e : (2)
where o = 2nfo, fQ = 10 Hz and‘d'is an attenuation
: cdnscant; cRosen to:be 0:25. This'functionﬁhqs;a;

’

Rourief‘transfcrm as‘folldws:‘” ‘ ' ' .5‘ "
'TTA’- . ‘V ~ ” 1~ o '
S{w), = == exp|- —=={1 + (=) sinh ( W, . T {3)
w ) W 2
o) \ 4 - 207 !

Ray methods may alSU “be" used tuvcalculate the;v
i-response of a layef’d medluﬁf In the ray theory used 1n¢"
‘this thQSlS, the wave swlut on has been ekpanded into

en xlnflnlte'power series oI terms contalnlng reci-
.. procal frequency combined with a vector which ‘is cnly_
Space dependent (sectlon I11), vlhe-ray theqry’epproach

7
sl ! s e : e
‘ . N - )



. parameters outlined in section III,
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a
B A S
7 ; (S

is llmlted by the computatlonal dlfflcultles associated

with the selectlom of phases in the. partlal ray expan-
\

_sion. However, a ray theory is more flexible than a

- - <. ' x-g" A : .- .
‘matrix method, in that the s@lution_is not réstricted

s

to.plane'parallel‘interfaces

'

.ray and a wave solutlon has been carrled out te evaluate

‘A comparison between a

the crlterla used in selectlng an optlmum number of terms

in the ray expan31on-(Flgure 1). U51n number of test

%onable match

'

between two solutions was pbtained f'; lat layered
media. In a ray “solution contalnlng lBEG'rays for ‘the
constructlon of a selsmogram the dlfference in ampll—

.tudes calculated by the two methods was less than 0.1 %
'for the flrst 3'seconds of time. .The accuracy of the'
._partral ray expan51on decreases with later arrlvals

unless more rays- with converted phases are allowed VThE‘iﬁ
arrival_timesﬂof‘all~phases'agree and no signifiCant dlf-
ference 1n ampl;tudes has been found A maﬁor advantade

of the partlal ray expaﬁslon is ‘that® all phases are 1dent1—b

‘

'.fled and may be llsted on. the Calcomp plot of the synthe—

tice selsmogram

A'hlgh‘frequency,source is.désirdblelbecause the

]

seismograms will have a high‘resolukion enabling:us to

see differences between the two solutlons clearly

'However, as is often the case with many earthquakes

th% source has. a larger perlod and duration,l In. that

e
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Figure I.1

],

Comparison of seismograms computed by Haskell- ThomSQn

Ty

and ray theory for a plane P wave 1mp1ng1ng ‘on the.

bottom of the layered media (ALTACRT 3) w1th }

70°

(ALPHA =‘20°).n In this d;agram codlng of rays is

" specified by the equation _ N
> ' “ ".y
# NOFRAY=100000.JRAY.+1000.JCONV + JC

.

where JC is an 1nteger whlch 1nu1cates the po; t of

eV

“1nc1dence at whlch phase conversluns occur for wny

partlcular ray JRAY ‘is the ray number from ray.

ver51ons experlenced by the JRAY.

table (sectlon III) and JCONV 1s the number of con—
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situation,  interference of phases is }mportant and
in section III, it has been shown that the long
period spectra obtained either by the ray or wave method
are in reasonable agreement in po51t1on of peaks and
amplltude ‘ ;%e‘fast Fourier inversion method of
obtalnlng a’sélsmogram, even for a high frequency
"pulse, reququ$_50~% less ‘computing time when a partial
ray expansion for%the'models used. However, the‘ray
expansion enables us ‘to 1nterpret the varrous phases
easrly: For the model shown in Flgure,3,,there are.
. 109,000 rays- which have lB,segments,;n the layered
.mediatbut only 0.031 %;had\amplitudes large enough that
they had to be included. - Rays with a. large number .of
‘segments are very 1mportant for the long period spectrum
As shown ln Flgure 3 ‘the number of rays, 1ncorporated in

a drpprng model generally is loWET This occurs because

rays are ellmlnated by the program when they approach

s

- . the vertex of the wedge. A dlpplng Sedlmentary layer

as much ‘as_10 degrees reduces the number of rays used

in the solutlon °The long perlod spectrum may be un-
vreliable, This restriction is reasonablelln a’ sedlmen—
tary basin because layers seldom have ‘the same dip fo
extended dlstances and wcdg;ng is only common near the
-edge of the ba51n A coordlnate system has- been chosen
with the +z axis being upwardrand +£:axis.in the directron

)

f f.f‘ e



Figure I.2

Ex1st1ng rays and thelr use for a 4 layered
crustal model over half space. Dipping model

indicates only dlpping Moho.
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N\

.of.phase velocity.. The effecg of a dipping sedimentary

layer (Figure 3-B 1is greatest when coméared to a flat

— > T

layer case (Flgure 3-A). A low velocity sedimentary
t . v"‘ e
‘sectlonwprqduces large horizontal motion and intyroduces
e ) .
a large'phase.v There%pre, S motlon represents an

.elllptlcal partlcle motion .with an axis 1n/4he quadrgqt
Y

‘-formed by negatlve vertacal motlon and p051t1ve horl—

.

-zontal motlon or p051t1ve vertlcal motlon and negatlve

hprlzontal motlon. Therefore, elllpt;cal partlcle

motion w1th varlous angles of tilt in the aX1s may occur
e

_Steeply'dlpplng tnlcker layers w1th hlgher veloc1ty -did

"not-produce the same effect.' Only minor dlfferences

exist for large time 1ntervals. : : ﬁ, - .

For-a'flat layered model, a.pulse with wavelengtns-‘

s

]
"larger than layer thlckness usually is relatlvely transz

parent t*\tne layer, although mrnof dlfﬁerenjgs\ln

»amplltude are noticeable.. For example, a nu ber'of

Y

~

selsmograms have been constructed for Model-1 and Mtdel 2

of)ﬁectlon V For frequenc1esAcemtered around 1 Hz, -

._theré—ls not any s1gn1f;cant change but only amplltude

: dlfferences ex1st, For varlou

.

© method and the ray metﬁod have- dn gsed;iﬁ@ultaneou$1yﬂ

and they pernced the same resf

). . RN

,areid.OlgélOVtimes of {he laTe

oels,_both the matrix é@

o

3’7".
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II. Seismograms for S Wawves ‘ . el

LaA
N ,l

The tlme response of a layered medla to a, plane

S. wave: 1n01dent at the base can also be calculated by f«

‘P
. AN
»,
_the’Haskell Thomson matrix method (sectron II) For 7
thlS case the wave and partial ray'expanS1on techniques
'producedldentlcal results w1th1n the . llmltS of compu-
L

tational accuracy. In Figure 1, a low7frequency
selsmogram (0.5 Hz) calculated by the matrix method- "

has~been'shown for'crustal modgl ALTACRT—B.' This’model

‘has a two. layered sedlmentary sectlon whlch ls common

in a contlnental crugt In thlS Flgure, the ma1h~8’ -

2

arrlval on the vertlcal component has the second largest

J.‘
ke

amplltude but an earller arrlval;was 1dent1fred as a-
,4,"

conver51on at the bottem OT the sedlmentary 1ayer..

NG

’However,i the dlrect S wave has the larqestégmplltude‘i

on the radfaf'compoaent———Onrvert*cal component, the tlme

' drfference_between converted phase which has ‘largest aan-A
< T - . e .

itude and the pure S; phase 'is delayed about 1 sec a\d 1t

may be as large as é‘seconds deperiding on thickness and

'veloc1ty of the sedlmentary layers, and it was found .

. to be not sens1tive to dlpplng 1nterfaces._ On the

vertlgél component oﬁ ground motion, a few other phases

" with significant amplltude exist’ about 51x seconds. bef re

_the main phase. These precursors have been 1dent1f1ed

as .conversions from s to-P at»thepMohO(and at 1ntermed1ate
. . . Ps : . .

LY

3



o "\\\‘ . | . L Q:
R *Figure II.1 ¢ - - :

. . ». V / .‘ . -
Theoretlcal selsmograms caiculated uslng a

haskell Thomson matrlx fqrmulatfun for a plane

S wave 1nc1dent a; 30° on the»c*ustal model

2

ALTACRT 3. Inc1dent pulse and . its spectr&;ﬁir

shown in the insert. o ey I

¢ -

3
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these could be used as 1nd1cat1ve

%foerly (1934) noted the dlfflCUltleS 1n 1dent1f1cat10
'/‘ r{ Ty X s R

P Y o
o of S phases and ﬁe cl s1f1ed é waves as, lmpreSSlve "

N (1 v . v,j . 1

‘n_iesu‘, Jeffreys and BulIen (1940)

e

eplcentral d;stances. The conVerted phase at the bottom

- . k]

of the sedlmentary seﬂtion has the greatest amplltude
. . ' RA
un the vertlc comgm“(m.at all dlstances - On the

. RS ~
for ep;central dlstances of abeut 16°.

\

T¥\rggial-cemponent two phase%fhave very close amplltudes

. The Haskell ThomSQn matrlx formulatlon Wlll

»

d;ﬂermlne the response of a layered medla to an 1nput \
-~ . ] . ( N ‘ : . “ ) o~ \ .

p lse for all frequenc1esvwhen L .



| .l ’ ; | S\ ' ~ . \\‘ . L. ‘
\ _ ‘\I ’ A Lo A ~ -

Figure I1.2 N
. : e, .

The vertlcal and horlzontal CQmponent of

‘surface dlsplacement as a functlon¥of angle
w(.- ] RS

1<of 1nc1dence for S and the precursors, SPPP

N o . 2
N,
N

N and SSbPPerom Moho and ‘the basc of the

\\ sedlmentarx layers.
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p

#f' .&undltlon 1s equlvalent to the phase veloc1ty belng
# , (‘* :

9

larger than the max1mum velocrty)ln the medla."lhlzgl .
| -

is always true for P waves. »Thaﬁ is:
- N . '
’ ‘/‘{- »
C > v, . ‘ (2)
) N e ) . ) V&
However, for S waves; L>‘
= i LN (3
) C VS csc 1g . o . o . (3)
A\ \‘ \*_

Therefore, for 5ome'epiCentral distances conditions‘v
(l)‘and;l2) are uiolated ~ The maxamum waue number
to be evaluated falls beyond the poles'of matrix for-.
'mulatlon in the complex k plane (Phlnney,'l965) and
they are 1mag1nary for P waves, produc1ng a damped
’motlon in frequency. In the matrlx elements, termsv
containing a sin or cos wil' e sinh and cosh.: -
Therefore, for~these cases, tne‘reSponse can be
_pcalculated for wave numbers that occ?r before the:
p-
:ﬂs'l‘ . The case where C <V, produces a phase dlf—

~first pole, k = w/V which corresponds to C = V

ference of;t90°.between the'vertlcal and the horizontar
»components of. S motlon which corresponds tq an elllp-

ical’ partlcle motion, the axis of the elllpse belng




b “ : S . . T
vertical and radial Thls arises- because the numerator"‘

’

of thc transfer gbnctlon for the horlzontal component

7

/’ w1ll be - 1mag1nary and the numerator of the transfer -
functlon for the vertlcal component w1ll be real. ,lThe"
transfer functlon for S waves osc1llates rapldly and
produces‘a COmpllcated partlcle motlon.v As far as we.
know, there have’ been no. studlegkon the change of fre—

" . “ TUE
auency of S w vee w1th ep1central~dlstance. Bu

<&

ave. 1nvest1gated the partlcle

Whltmore (1962
.of S waves. 'They found that the 1nterpretatlon can be\‘

: -
& done best when the phase veloc1ty is larger than the

maximum veipc1ty in the crusu '
The condltlon where CA<'VP in a layeflcorresj

ponds to the propagatlon of "trapped" modes for P oy

:~anes but for the solutlon to exrsfﬂthe phase veloc1ty

greater than the S wave veloc1ty 1n any layer
eory approach jhould produce the same
_.‘.4"/ . N e ’ L

* resultsvas‘the matrlx method How?ver, the 'ray apprcach
. “r : : Al : 5

uséd here does not predict the\frequency characteristics
Z'IJof the\surface_motion. In Figure 3, seismograms stidl

retaln their hlgh frequency character- (lO Hz). For an

y

ahglevof 1ac1dence of 70°, the phase VéloClty 1; less

Jﬁn thg

1n“F1gun@-{} thevselsmograms have,a flat reglon., e

K3

#%yave veloc1t1es in a few layers. Hdwever,
wg -

between‘7-ll seconds.' ‘These reglons are due- to rays
a

, Wthh do not reach the surface since C < Vv

p 1n,the



ot

-

S ‘gi ure'I1.3% -
& = o g S L
Theorétical:seismogram’for-a:plane S wave
incident at "an’ angle of.70°. Among 10976
- ’ - .‘\ ’ s B
d?ﬁ, 1613 'of (them were-.used..

b -7
C » ' .

L
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modgl, invthe ray method returning rays have not
1nteracted w1th upgorng rays. However, this has
‘been done 15 the wave soTutlon produc1ng an attenul
at;Ln of S waves ﬁlth a- converted segments._' .

Precursors to the" S or shear phase due to‘the
presence ‘of a crustal layer can 1ntroduce serious
€rrars. in 1nterpretatlon 1f only the Vertlcal com-
' ponent is avallable. The error may be as- much as
1-6 seconds at all dlstances and is of partf%ular

lmport cefwhen ts_té times are used to determlne

eplcentral dlstances, flrst motlonﬂipﬁdles and in the‘

stuay of premonltory phenomena using the ratlo~ts/ p

pors

for earthquake predlctlon. » o 7
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