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1. INTRODUCTION

C Application of iteratiQe matrix inversion techniques
has been of use in'many geophysical inverse problems. Many
eargh écientists have used this approach 5uccessfully to
invert data of various physical and statistical character
(Braile; 1973; Aki and . Lee, 1976; Vignersesse, 1978;
ﬁoVersten'ét‘al., 1983). Up to now a large number of new
areas of application have be;n explored' in the field of
- seismology (Garmany, 1982; Ursin and Zheng, 1985; Ivansson,
1985; Gersztenkornjet al., 1956; McNutt and Jacog, 1986) .
1€ is expected that past results  from the numerous
gucceésful inversion studies .employing this méthod will
encourage many more newer applications in the coming years.
The 'progrgms developed 1in the .receht ~years show variéd
computationai efficiency and accuracy of results. Often the
efficié;cy of .these prog?ams is deﬁermined in terms of tﬁe
3 cgﬁpu;ér costs .ihvolyed; An inexéensive program laréely
laepends.dn how quickly the forward modél is calculated and
'ﬁow many iterétions aré required for convergence. In this
‘thésis\ an: efficient inversion program . is developed to
investigate new' applications ;n‘ the field of crustal

.seismology. |

In qeismolégf most of the previous studies involved

3

'inverSioﬁ of -travel time.§ata in terms d¥\various simple as
well as complex earth models (Brailé,‘19?3; Aki and Lee,
. 1976; Crosson, 1976; Benz and Smith, 1984; Chiu et al.,

1



1985) . however few attempts have been made to use this
techn;que for the dxrect inversion of amplitude data. Most
often, use of dynamxc information has been carried out in
terms of visual ‘waveform matching usxng synthetxc
seismograms. Visual fitting " of ’"observed data needs
considerable . personal »attention by the . seismqlogist.
Moreover, accuracy is irmited hy the‘extenthof indiuidual
perception. On the other hand automated matching usinggthe
recentiy develoo%d\@omographj‘method (Culter,et al., 1984;
Chiu et al., 1985; Nakanishi, 1985)"_ i‘s‘v\g‘ai‘ning p‘opulari‘ty.
Most tomographic methodseuse,kinematic datawﬁor invérsion.u

Automated amplitude matching' has. not™ 'been attempted in
: ‘ s : '

/

crustal selsmology as  yet. ThiS'iS partly because of the

complexxty 1nvolved ‘in su1table parameterxzatlon of the

v

amplitude function in terms of the earth structure and also

to a considerable extent because of enormous computer t1me

.

usually involved 1n the. forward ray tracxng process.gu .

-

The inversion - program used in th1s study uses

—gmrameter1zatlon and 1nvers1on of the amplxtude data us1ng

WAsymptot1c Ray Theory (ART). The ana1y51s y1elds earth

Y v
Ty

structure in terms of den51ty, compress1ona1 and shear wave
‘velocities for 1sotrop1c, homogeneous and horlzontally
‘layered models. The program has been used for both . head
hwave and reflect1on amplltudes 1nc1udlng mult;ple reflect1on
”arrlvals. Excellent - . numerical . results4 1nd1cate the

potent1a1 of th1s method for further appl1cat10n to complex'“

\

geologxcal structures.



\

Computation’ of'—the response.,at specifiC“geophoner
vloéation has been actomplished usiné a two*point ray tracing’
: algorithm All the calculatlons have been performed usxng

both analytlcal and numerxcal approaches ' It has been'found

that the analytlcal Omputatlons are more accurate (as

!

‘expected) and ‘involve less ' computation time. A few

1terat10ns (typxcally 3 to 6 iterations) have been enough to
~

,obtaln an. acceptable fit to the observatxons 1n terms of a

‘ AN
root mean squared (RMS) deviation crlterlon ~

One advantage of our technxque‘xs that both klnematlc
. - I .
and dynamic 1nformat10n may be used simultaneously w1thout

A .
data modification. It ‘has been found that combined use of -

[ .
both types of data results in better resolution of the model:

parameters. Moreover, since .density, P and S . wave

roities are computed"simultaneously, a' quantltatxve,

'imation of the elastic propertles of the medxum “under. -

'study is also p0551ble using this method. It has been

‘fdemonstrated that the program can be used for mu1t1ple*

1

:iayers and multlple shot poxnts. Converted phases may be-
}ncorporated eas11y with tmly slight mod1£1cat1ons. It has
also. been found that th1s method is successful in detect1ng
low veloc1ty zones and mult1ple arrxVals which have been"
' lways a dlfflcult ‘prohlem ffor k1nemat1c 1nterpretat}on':
'methods. 1U fu - A 1 L h ‘r“ ’

W

Care must be taken‘1n the appllcat1on of th1s method

) Al -

. for ampl1tudes near . the cr1t1cal reg1on, espec1a11y w1th low

frequency 51gnals. Th1s is due: to the fact that the planeﬂ

—

. . . -
3 . ' - - .



"wave reflectxon coeffxcxent whxch is used for the amplitude

\

computatlon in ART exhxblts an 1nf1ﬁTte derxvatxve ‘in- the,
- v1c1n1ty of the crxtxoal angle One is able to overcome _”

"thls problem 1£ a sultable hlgh frequency approxlmatlon such

. as the;Weber functlon approxlmataon of Marks and Hron (1979)

v
' i

! - o ’ A

| is used
The program has been desxgned for numerical modellng as

well asi 1nterpretat1on of the field ‘amplxtude datag-_'

/£

' Conventxonal seismic records often fail to represent the ..

true 'amplftudes' due to lack ogf prbper control over the

geophone galns and also because of varlatlon in the geophone

to ground coupllng Therefore for present use of the -

program . has been restrxc primarrly to synthetic

amplitudes in order to test the range "of appllcab1l1ty of

the method .

Chapters 4. 'and 5 are mainly - déyoted . to the

1nvestlgat1on “of - 2-D charactéristics “of. 'reflecting

.I

boundar1es 1nclud1ng curved 1nterfaces and" plane boundar:es

with arbltrary ‘dips. It is shown that the program may be

used successfully to detect the 2= D nature -of crustal

, structures espec1a11y the Moho 1nter£ace. Synthet1c ‘ﬁﬁﬁw‘
1

f1eld examples are used to 1nvert crustal PmP arrlvals in

terms “of the 2 D Moho boundary. Slmple two layer models are

Fd

sed empha51ze the. main result. Structures wzth

-~

add1t10nal number of . layers or other complex1ty such as

]

velocxty gradlent curvature, d1p, and or suddenly van1sh1ng

hor1zons whlch may be adequately descrlbed by ART may be

- o

w - " B SR



incorporated with ’suitable ray.tracing, schem

»
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2. THE INVERSE METHOD . .
‘ o r . [ - "'.“ ' ‘
.f‘ e ‘!.'. o | ‘ ) | '., ) |“ 8 . .
R ¥ ¢ the‘xnternal structure and phy51cal propert1Es of

. i
v
N . . f . l
' ot \

the, earth uere' precxsely -known the magn1tude 'oﬁ“ any‘

) (Y { ‘. . R ‘ L y o

partxcular geophy51cal measurement taken' at the earth s
surface could be- predxcted unzquely ‘Thus, for example, it
' N oA . 5 B

would be posslble to predlct the travel txme of a seismic

R L

~ wave reflected from any burled 1nterface or’ to pred1ct the

»

grav1tat10nal and magnetlc flelds at the surface due to a

’

'knownﬁstructurellns1de the earth. 1In geophy51cal surveylng :
‘ the problem _is”'of op Qs1te nature and>-usually”che
requzrement 1s to deduce some aspect ©

\

on the bas1s of meaSurements taken at {or near the earth S-

'the earth's interior‘

N

.1

*surface.‘ The former type is known as the d1rect problem :

) whxle the’ later 1s called the 1nverse problem.
T 'In the 1nversxon process usually a f1n1te number of
observed data are fztted Ro the response of “an 1deal1zed

1

model The model 1s perturbed unt11 the response ciosely

a

matches the essentxal features of the' observat1on. The~

)
‘

‘kmodel is . represented in terms of a set of mathematical

‘ Al S Ty N, 4
‘)relatlons 1nvolv1ng de51red phy51cal propertles« of the

A\ ~
. : . .‘

mediumi These~,equat1ons ‘contain a. flnlte numberx‘of

.
Reas

' 1ndependent varlables (e g., veIOC1ty, densxty,_ th1ckness
etc) called the model parameters Xi The dependent varzablex_

.‘3, 4

is termed the response fhnctzon or the model response., Deb~
us con51der an example to eiplaln these termsr The travel
1 3 ] ’

tlme curVe for reflected body waves from a hor1zonta1

By : .
CR Lt
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recofd the reflectlon arr1vals. For thas par;txcular model\

‘ EPRY o

(fxgure 2 1) we have ' model parameters;, namely,«"the:-

0 «“

\ 3 A

1
0 ’ )

l‘cnown constant whlch represents the horlzonta'l d1stance of

3 N . “ .
3 \ N Ny

the 1th geophone from the source. locat1onr ‘ e 1s obvxous
¥ - *!\ |

from equartlon (1) that the travel t1me 'I‘ at locatxon D,

[y

»

4

: ,th1ckness H and the veloqxt); V of the upper medlum “ D, "‘i‘s. éy-‘:zf

j*“depenhds ‘on«the 1ndependent parameters H and v . e.,v T, =

1
»:';. . 1

ﬂ."(H','V)[.'V Generally the model response f 1% a'nonl1near

functlon of -t'he‘,, model parameters.. Calculatl,ons may be

X
R i
4 N ) . A » 3 4 . \ 3

'performed usmg methods of l1near algebra if we lmear1ze

gy e

¥ ~ peyo
“ﬁl i

 the problem us;ng a flrst order Taylor serles expansmn of

the fmal response f‘ about an <1mt1al startlng response I°

T - .-; [ v . Lt
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final value of Jth model @ramet‘er. ‘- _(7\ s
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: Figure. ‘2.1 Reflection: ‘travel . time‘-;._cur;‘éf for a two-layer .
homogeneous velocx ty model (f’gcei'v.'e_r.{.'_locat‘i:pijg are- viiid_icated o
by numerals 1, 2;.. etc) LT R Ve
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o ,;‘.‘v‘ N ) vl LY va‘ ' RUCIS ‘- . . c ' ‘ , ,« . e
n = total\number oi model variables. Co e e DA

' 1 ' : - : i

';Qne‘ should, however, be_ cautlous ‘about;'usxng e‘ term
"liheariiation ¢ It is v1rtuallyq£mp0551ble to lrnear1ze a

truly non llnear problem. What equat10n~(21 does mean‘is

'

Je

that 1f the start1ng reSponse I° is suffrcxently close to
the exact . response 3 then equatlon (2) 1s only approxxmately
f true in the, close v1c1n1ty of the exact solut1on In. other

‘words ‘we-. have assumed .a local1zed l1nearrzatlon ‘of the’”

problem about the exact solutlon.‘ All the calculat1ons and -
» \ \ ' \ , ’ * .
the convergence attempts must be restrxcted w1th1n the 11m1t
. :
of the local qua5111near part. Otherw:se expectatlon for ‘a

A

reallstlc convergent solutlon,would be in va1n. R

Generally we assume that the travel t1me p1ck1ng error"

[ 1

is of the order of 5 to 10 mllllseconds.lWhen<the RMS' error:

5
'

< for travel tlme‘defrned asv,

S : e, i

ST RS = BOInG) - T (01m

R
¢

Lis computed from the~ d1fference of"thé calculated and'

[

observed travel tlmes (T and T respectlvely) : we are

— K

dlrectly conszder1ng the n01se 1n the data and the 1nab111tyk,

' 2

‘{or'“th model to descr1be the; observatlon accurately.f

(S

Therefore, we do not want the RMS value to exceed the usualﬁ,

; travel t1me p1ck1ng« error.v In other words the computed

97«. P—

model may be cosxdered as a- smoothed verszon of the actual

‘v, AN
A RN

‘rmodel.d heq extent oﬁ; smoothlng\«be1ng 11m1ted by the



,\

’

e e gy

'uncertaxnty n' the data.' Therefore .a close fit means
. L

—

reduc1ng the n01se RMS (by 1terat1ng) ‘as far as possxble 'so . -

.that our 1nab1l1ty of . model ford&}atlon may. not exceed the'
0 , , L \

s actual travel time readlng error. '  - gl,' el
Ih most geophysxcal 1nversew‘probfemsl it’ has‘lbeen
ohserved that ’there ‘are always ‘more “than one so;utionf
- , , AT ,
ﬂcorrespondxng " to d1fferent e.locaiized 1;near 'aoneSL
'cTherefore 1t is 1mportant to dlst1ngulsh between reallstlc ;
and nonfeas1ble solut1ons. In most cases the\1nterpreter
_has a pr10r1 knowledge of the aoproxlmate solutlon probably'
from p;ev1ous studles or other sources such as well logs and
'dmagnetlc studles ‘in .the same area. A‘ start1ng response|’
U . ,

.called the 1n1t1a1 est1mate 1s obta1ned from the approximaté&
SOlUthﬂ by forward model calculatlon. _Forf m number of .-
' observat1on ‘po1nts equatxon (2) constructs fan array of

numbers wh1ch can be expressed in the matrlx formr - ’:~«'

RO |anAx| |As|' A € L
PR Coe T . ' - E ” . n e
where, o R BRI B S O P
— :‘., N 'I-. N . . o »", ; .;T_’ ‘¢ - " .
°A i (af /ax )|D K f“ﬂ“T;g".' SR TR T o
’ i=1 '.2' ) um; J 1 2 ' ... bn o ‘, ‘ 6"“"- " N ‘ ,5‘“ 2 “':, :,:':"‘ S . I . o
‘ _— ‘.:. ;.' . o XIEERY ' : h‘,‘: P ) "\‘. Lo
Ax - x - x° R T mF e o
[T .“.' s 'a“v. 4t Co : v AL E 'v : :‘- . ../ ‘\ A ’\:
AB*e f - £° 'fAﬂLJ; ' R N
Lo -, gl # s IO i o L
The re51dua1 vector Aa‘conta1ns the d;fference”between the“j‘
I ‘\_ o . W .ﬂ . ‘é‘ . '

final and 1n1t1al responSes. Forﬂour purpose AB representsfl

the d1fference between EHe observed and 1n1t1a11y computed -

T . : RPN L R s
. EREE L : . BSE )



N N R AR R .. S ,
travel‘ tﬁmeS‘ or%ﬁamplitudes. further 1llustrate theu
'method of" computatxon of matrxx elements ”rwe con51der the

example g;ven 1n .equat1on (1) ‘with- two model parameters

(1 e., ‘n= 2) and Select X ,Q"V“ and X, =- H,. For three
:f observatlon p01nts (m13) the eLements of . the 3x2 matr1x ‘A,

o u51ng eQUatlon (1) are glven by N t,'t,;

N - [ “‘-
5 h .
. ’ ‘
¢ . fe, o
v " R ) P A !
o E LY ¢ YA P R :
L Y . noo aX', aV‘ .V s , \
. W Lo
- Y ’ ’ o
+. . 0
- ) ! _m. A .
) 11 . . ' ' A = _lA . ’
' o 21 Ve v
I‘ 4 s v R il Y 1 ! \ ) !
[ Y , «‘T B ! -
. W N

Ul ey L aETy T T
-t ’ C A2 - 4!"12';"MD4|’z ’ 44'.| o

I : AR A. _ _8HT; N
S . N 22 = 4H3*D2‘1.:“v*\ \‘..(.‘v..".‘ i '

4HT, -
= .4H\z'+p_3z‘ o ‘r..‘:' i

e b7
P
W
N -
|

e

}ﬁhere,T,, T} and T, represent travel t1mes at observatlon
fos : ;’.\

Vpofhts‘1 2 ang 3 respectlvely. It 1s clear fromb(3) that

. the correctlon vector Ax can be obtalned from ‘z{
I S IAXI |A| }AB| sy
. so -that the fifial improved vector is'" @ ... = PR R
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1] = [5°] + JA|"'|0B] 6)

1

\

-
'

V'If x° d1ffers from x s1gn1f1cantly, 1t may be necessary toh

. Ko
e e

3 1terate towards x unt1l AB 1s small ‘For a truly llnear:

1

system thls-;i‘sl_a-' one step 1terat1ve process. P‘ the‘”v

nonllnear case several 1terat10ns may be requ1red be’r'o;:e‘_,.

N ?

convergence occurs. : In any case 11near1ty- usually holds

the v1c1n1ty of the true solutlon and the error est1mates

l AN .\ Ve -

and confzdence \regzon est1mat10ns based on the hnearlty'-'-‘
~ £

» . . . ey "
] , .

assumptlon apply.1 In-equatlon (\5)-‘ the exact 1nver5e A

W

ex1sts only if A is a: square matrlx. FOr most geophys1cal3."

‘~

roblems there are mor observat1ons than model arameters-‘.'
p 3 §

c,ausrng A to be 8 rectangular matrlx.“ Therefore 1f a‘.;"‘

‘overdetermlned system 1nto several well determined systems’.ﬁ',’

oy

'sol-futioln ex1‘sts., 1t should be.. determmed by a least squares

"

method.« L R L

‘»v, . ‘ ] = f" A.' “"x_.,‘
TR

It may appear that 1t is possmle to ref‘ormulate thel_

each havmg equal number of data pomts ana model" vamables.f

There 1s one major problem to thls approachi.. 'VAlthough we‘_i;f-é

\ e BN

have a seemlngly overdetermlned system‘we are act‘uallyh‘._z;

dealmg ,_wzth an underdetermmed system. “Thls 1's .jbeca*nSeje»; :

o
N ;., o

many observatlon poants do not reveal any new mformatmn

'*...

neceBSarl-lyﬁ 1l]:um1nate‘ s the v entlre

~.

consmderatwn, Also there may be~ nu‘

‘;a, o . ' "., “u . L'M DR



: ‘addxt Tl data becomes 1neffectxve.l However,“it. is

structure._, Generallye resolutlon Wfornali.ideiinition

introduced later 1n thlS chaptep) 1pcreases wmth addxvxon of

data polnts up to ‘a certaln p01nt after 'whlch futther

Yo

possxble to 1dent1fy the" the data polnts‘ contributxng

Woaon v \ r

xndependent 1nformat10n by computlng the Informatxon Densxty

I

Matrix glven ln equathn (31) Lt

okt
L

' I% however, we d1V1de the whole data set n%o several

Z;st creat1ng several seemlngly well determlned systems,«

i

e "

- w1thout generatxng S any. - rror V”Bu t thls would merely

'

o underdetermxned Obviously ,an. attempt to get a solutio
el

based on th1s approach may generate poorly resolved mo

f,ﬁerror E- ﬁor each data set

i -~ ‘4
IR .

: xndlcate that 'we . want to forCe a solution . in terms "of

@pparently well determlned systems ‘nhlch largw‘actpally

[

o e

parameters.‘ It may happen that some blocks Wlll have well
A R
determlned parameters others w1ll not., It may also happen

& '1 - .
- Co0nt e

that? every bIOCk W1lb have' pa;ameters only partlally

q-f: o

" ""

resolved because of therent Underdeterm1nancy ‘ fﬁg v'uviw

L

~ ,l'

To obtaln a least squares solutzon, let us conslder the

o
Tk A S

RIS -

n‘."m

-~ : s

( means transpose)

w1th tespeet to the solﬁt1on'vector Ax leads to a set ofﬂi

5 v ’-«g.
W

. .’0‘
normal equat1ons of the form (Appendzx*AS)

o
S ) ooy . il kN

. ,«‘,H s
A 0 S —-

1t is p9551ble ‘to. run the compqter program for 1nversqon‘



" |ax] = |AA}|AAB| Ch o (8)
:‘“-'l“' ' e ‘ ’: , N . ! ' 5 "'nh
. ‘BM “ ‘ . ' ' \

50 stion vector X may be obtaxned using. equatxons (s), (6)

N

"

’

and (8)' but formatzon .of (A A)“ éhd (AKAB%ykxnvolves

numerical lnaccurac1e§ due to 1nstab111ty caused by the ill

4

_condxtxonxng of the matrlx A and the 1naccurac1es may be

partxcularly troublesome for large values of m and n. This

v 0

problem can ‘be, aVOxded follow1ng Lanczos'(l961) and Golub .

andﬂReanCh (1970) 1n whlch the matrax A is factored into

: Co

three produqt matrxces B

N . ! i " '\"- ' ' . : —

Y . L
, 4

. . [
. s f .
. . | A . ”

(Al = juliafivis @

s .

ton

i

K

where, U, A, and‘V'are‘m*m, mxn and nxn arfay spaces. U and

%ne, semlorthogonal matrices - whose -~g¢oélumns form

respectlvely 4he basxs vectors for the dat 4
o

il -
soluglon space activated by the operator A The ’cqlumn

-

vectors u, and v, of U and Vv respectively satisfy

C AA'u = A\ %

where, _'.fa i

=1, 2, 3;..n<m. | R e
'J-' . - " PR T ‘ - . ’ P JE

L L 2P YT s.....= A = 0

. n*l 5“@‘2 ° Y } . . .. ‘_ PEER ;\.‘ - ,'l"ll e .
k"g a;e the elgenvalues of the hermxtxan matrxx AA‘ “By

£
@ceqent1on the sets of elgenvalues are ordered in degreasxng
@ ‘ . . § TR . -

HSace and the -
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size and are together called the eigenvalue spectrum. A is
the diagonal matrix having the square-root of the

eigenvalues of AA'. The method of matrix factorization
: g

given by equation (9) is <called the singular value
decomposition (SVD). Operator A describes a mapping from
n-dimensional parameter space.to m-dimensional observation

\

space. Semiorthogonal properties'ofku and V are given by

vy o= ] ‘ - (11)
o~ ' L o '
where U is the orthogonal equivalent of &2??T‘ U retaining.
k nonzero éigen&aipes and I is k?k identity i;:??x. k is 72
”refgfred to, as the rank of* the matri*ih( In feréé of the
déc&mposed ma;rices U, A, and V the inverse operator A"' can -

_be.written as

-1 ¢ '-1 t . | '
1A = [vilal ol (12)

° .

which is 'ca;ledf the Natural or Generalized ot Lanczos
inverse of A. Since the inverse of the diagonal matrix A
" can ‘be obtained from the reciprocal of its diagonal elements

such as

I
A= . (13)

| ,

|

kk



_ 16

whe.e A .represents the eigenvalues of A and k is the rank of

' b

matcix A, constr‘uetion of A™' from. U, A and V becomes
easier involving‘ only  simple matrix multiplicat\ions
However, it is also obvious that A" and otmsaquently A"
cease to exist when any of the eigenvalues in- A becomes‘
zero. This is always a possibility due to insufficient
inAf'ormation in the observra\ti,on space. Therefore if i.t is,
not possible to increase the number of observations it_may‘

be ' convenient to eliminate all zero or near zer’ol.'

’
. ! ' .“ )
‘eigenvalues. For K nonzero eigenvalues ..

-
. .

X A=Y A T e (e

nxm nxk ~ kxk kxm

4

y :
The questxon may arise as' to- how small is the magmtude of

the nonzero e1genvalue that 1s to be suppressed. This may
be decfxded from’ a threshold value determmed from the
estimate of the relative error ’invol,ve‘d in . the inpt:t date.
For example if the d{ata are, aecprétgﬁ‘to.'thre‘e significant °
figures then-the‘ rel'atve error ‘estimation may"‘he 'chosento
be 10'3 If the data are regarded as exact then the relative
error estxmatxon must reflect the round- of f error expected‘
in the computations such as. in the -SVD algorithm itself
-which is approximately. n times the machine ‘epsilon. ‘The

threshold value for error tolerance (Forsythe et al., 1977)

15 then obtaaned from T .

TOL = (relative- error)x(largest eigenvalue) = (15)
angular values smaller than’ th1s number are dropped from

the e1genvalue spectrum. Smce, for small eigenvalues of A,
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the random . errors‘ '~in- the data tend ‘ _to . cause more~
) ) " \ : '

fluctuations’ m the solutxon " addxtxonal measures are taken'

to sUppress undesxrable effects v by usxng the..dampxng“

N

criteria - (Levenberg, 1944 Marquardt 1961) in this.

process a p051t1ve constant B' is added tO. the dxagonal

elements of the matrlx A such t:hat

| I

fa |72 v LA A+ p 1 |y |t (ie)

pxm ) nxk ' kxk 0 Kxk kxk Tokxm

n-

\ [

“where B 1s called the damp1ng~ factor Comhinin"g “.‘(54)"~and‘v_.

(16) we get (Appendxx AS) R B .

[
! )

+

ax | = | Vo[ A || A v B R R ENES LR
‘nxt nxk kxh. Kxh ‘ kxﬁl : "7‘.’“’“- i mRl -

B effectxyely adds a dc level to the elgenvalues of A so
that ‘none} of them may vanxsh therefore '.'”el-‘;‘mvxnatxng - a
'possmle d1v151on by zero However if “B'. is s'hffi‘ciently|‘
large, AX 1s small and contrihutes very l:ttle towards "a .
."progresswe solut1on g1ven by equatmn (17). Therefore an':\
vv,‘optmum Value for - B must be found experimentally. _The
propertles of - B have been descrlbed in Li'nes"and T‘reitel‘
(1984). Usually 1t controls the stab111ty and number of
‘1terat1ons and depends on. the. degree of underdetermxnancy of
the system of equatlons, the nonlmearlty of the problem. and .
the noise level of the observed da,ta. A good estmate ‘of B
"is given by we1ght1ng the res1duals by . the rec1proca1 of the"‘"
varlances of the observat;ons (Crosson, 1976) T'h1s leads
to @ normally dzstnbuted random' vanable with ¢ unit
,5va,r1ance. Akl and Lee (1976) used a we1ght proportwnal to -

’-”’“the rat1o of the ,var1ance of the data and the vanance ofu,-

A JT R ]
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the estfmated.solution.' Hoerl et al. ‘(T§75)'ha9e'suggested
that an appropriate choice for B is ‘ o
. * . . \ o ‘ o \‘v

. . .
\ N . ‘" .
\ \ . . . Lo

B =nos/xx . -, 1s)

'where,

v

0, = standard dev1at10n for the data set

n = the number of degrees of freedom.

X'X = product of solutlon vector and 1ts transpose computed
from undamped least squares ‘method:’ | “':j :
In addltIOn to the damp1ng, ‘a 'scaling" factor may also bea
vused to avoiad 1ll cond1tlon1ng caused by dxfferent scales 1n.;

-which the model parameters are-expressed.

o 2 1 Resolutxon and Errors:

A good. match to the oﬂServedo‘data does not always
"‘guarantee the best .solut1on. Study of " the rel1ab111ty of
“the derlved model and ‘the errors associated w1th the
“calculated model varxables g1ve a better understand1ng about
the nature of the solut1on. The matrxx 1nvers1on process
.provides a means to quantlfy the degree of nonumqueness
. inherent in the system by est1mat1ng the resolut1on and
-variances of the ,model parameters (Backus and Galbert,,
‘1967).LFrom equation (5) “ ‘
N © x| = |'A.|-",|/An'|%.l”'i L .(;_'5.75)“
. , ¢ .ilA "} h L ..(‘ f. cl
'fIf the approx1mate anverse of matrlx A 1s g1ven by Al then

o

the approxzmate solutlon may be wr1tten as.



e R P
AR [ax, .= | "ja8) - U19)
”From-eqoations‘§5a)“pna}(19f we get’ | A
' ' T v . ' L o ) ’
S . i il L
T I T I LT A

:solutlon.y

fyd1agona1‘“

fcarefull

: the co puted sorutlon.

/ . .
. / ' E—
f -

"whlch expresses~ the~ computed solutxon COX ‘as | wexghted

¢

average of the trbe solutlon w1th wexghts g1ven by the row

[

lthe resolutlon métrlx R,.gj ‘}Jaf e ‘~f

"'I‘-‘B‘_ll - MI.A,‘A,I SR oo, en

LIS N . )

r..".N

[ T Lot

,‘the computej/ approxxmate solut1on “is equal to the true‘“

hlS .means ’that ca unlque; solut1on has been

“' _— FURE

'obta1ned 1n the mathemat1cal sense. Fract1ona1 values for

‘\ e, Ty

'the d1agona1 elements of R mean that there are sxgnlflcant

}the computed flnql result.. The' soluttonf obte1ned only

ifrepresents 'a smoothed one over the, spread around the

-
‘

'3

hHence t,e usual practlce .has been to quote the d1agonalf"

::::

element»of R whlch“corresponds to the partzcular element of

K _‘ et

3 Since AB repreSents the d1fference betﬂeen the computed

v Es

fiand pJedlcted ampl1tude er travel €1me we may cons1der AB to

lvectors of the Tatrlx A A Thxs WE1ght matr1x 1§_calledﬂ

WIf R is an 1dentmty matrlx 1, the resolutlon 1s perfect andfw

‘ioff d1agona1 elements 1nd1cat1ng a possxble d1stort10n in

a

Therefore the eJements of the matrlx R should ber

exam1ned to detect nonunxqueness in the solut1onriﬂ
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data error by computmg the covarlance 'C of. the 'solution |

| ! * 1
vector as follows o
|C| = <BX AR > = <AT'ABABA™'> g A '<ABAB> AT (22)
coy e See e i A

If the data vectors are statlstxcally 1ndependent Snd’share

the, same varjance ¢’ we can wrlte o
' P , e C

" [N R t e
I T . e . ' [ . , v oLy

IR L ]C|= <Ax°@d>~. = od“‘lf‘-ahalﬁ L (23)

N R
" o St ' . yv?‘ll‘ | Cot e . \ ) v

s K
. P
! \

) '

-

Where r'nean's' con‘ﬁu'éa"t“e transpose and “od?",~_=, <ABAB> s,
called the data _varzance._ When we use the - SVD ' 1n-‘ the' .
express1ons for resolutmn R. and covar:lance C (1 e. ,‘ uslng A

UAV‘ and‘ A l_‘; VA Ut smce both A and A share the same k

‘component matr:.ces) we can wrlte from equatlon (21) .

. . L N L ' ' '
[ e o N v "‘ ) o N o o Vo
Y ’ o L o o T W ' Coat R )
. ' ' ' : ! ’ o ‘ .
W . e o o S e
. . . ' . v RN : A
. . . . "l T L v . e s v
‘ . .-.|R|.= [A A| AT
4 .o i ’ tow N P R - "1 AT
© . ) c— 4 .

IVIIAI"IUI fopialvie
|v||Ar'|A||v|° T AN 19 ST

L O ooy T S , o a4
|V||v|t B R U RN BN ¢1-) L

-

. "I . ] ) S o Sy

'Includmg the 3a;np1ng effect and retalnmg only k nonzer’o . -

smgular values the expressmns for R and C become o
S IR R VLA A BT Al"l Vot (28
S e xS oxk kxk: kxk . "kxkk . kxn‘ B T

g

N l“’n_‘xu-,l.f,; e l nxk“ xxk l Ixka kxk I ,\l’ l;‘ii'n‘ I SR
An estzmate of ad can be~ obtalned from the sum of the%’“

o LI
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The observed data vector AB can be~ related to the computed
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f‘ApplyingpsvbffOE‘kfndpzefctsﬁhéﬁ;atrQa;uee o R

BRI IR ‘mxmo, . H\Xk 4 ,k!h n e T . ;,_J‘ S ."“.,
{;Whenys 1s ‘a un1t matr1x, there 1s a perfect flt betweeq the ‘
. . o f ) I ; i ,,"‘“A N R \‘-‘.;

LT ey = e a8

o e s s I e e e (31

",m(l e., ﬁredlcted) vector AB as follows'edc":”" . d“w“ .

> _\ - 3 . i L v O . e . ‘ ‘\:

- ‘ e Lo ‘ o e e - coel .\'- . _L.. . . oA | : . ‘;._ -“,'. R ,“ : . .‘;«_ B “ A _l;n
... The information density matrix (Wiggins, 1972) - is given by .-
R 1 R LR ',. o ,.‘ . :

! Cel . o ‘ ..;‘,'7 R ' r' S -". s . ' o ' .
' It is. clear from equat1ons (26) and (27) that ﬂ»reduces‘the

o error oi the model parameters by sacr1f1c1ng the resolutlop:'.‘
I ThlS leads*us to con51der a reasonable;trade 6ff between tge' o
f‘ resolutlon and the covar1ance (Bac%ﬁs and Grlbettj 1967) ' ii
;HL“ ﬂ‘ Let'us now"con51dex the resolutlén ac*tﬁeldata space;”wR

RN ..iv}u-w‘_‘",e¢‘7Af‘d~?Vfﬁf“3rd AN SN ;'yﬁﬂrw
T ’ o . "-[-AB;' = lUHUI‘lABl R SR (30)



‘\”,observed and the‘pred1cted data. Otherwlse predlcted values
“arel wexghted averagesi of he Wenact’ data. Welgbt1ng
lcoeffic1ents are g1ven by the row vectors of S. The matrix
tfs glves a measure of the 1ndependence of the data. sUsuaily
1ts dlagonal elements thh greater magnltudes (up to a
maxxmumﬁof 1.0)- represent the mqge 1ndependent observatloni
ft éoints;"For examplet(Ak; and Rxchards,,1980) 1f -

e

Cgshewt s o s sl s (32),

' then the pred1ct10n w1ll fzt for the flrst observat1on p01nt
5but only one 1ndependent average value may be - obtalned over?‘]

N ' T at

‘Afthe second and th1rd data p01nts. L e

N . o
v .).‘; n



'3. - INVERSION OF AMPLITUDE .

" ‘ v . ' ' . .
\ . . ) ¥ L e ) . : v, -

3. 1 The Dxrect Problem. ‘f I UL:

The most 1mportant part of the 1nver51on process 1s to,

develop an e££1c1ent program to solve the dxrect problem.;»

' ~
v

Slnce 1t'1s partlcularly 1mportant to con51der a model where

' B

all .the model parameters cgntrrbute effectxvely andm

un1formly, 'the;\ parameterlzatlon wOf the * model ,under;

con 1derat10n‘ demands spec1a1 atgentlon.f‘Kstptotic,.Ray
s » ~e . )
Theory XART) has been.,used ‘to accomodate 'most essential

parameters 1n the forward« problem. Zero« and f1rst order\

formulae (CerVeny and Rav1ndra,v 197&) have been employed

1“,

‘respectlvely for the computat1on of reflect1on and head wavef5

amp11tudes.‘ Assumlng that\selsmlc waves travel through the‘»

Ny
‘,-: ~

' eLastlc med1um along well defzned paths, the geometr1ca1 rayfpx
approach has %heen adopted to calculate the geometr1calv“
spreadlng For 51mpllc1ty ve’ have consxdered an asotroplcv

‘ earth Structure wzth laterally homogeneous plane mu1t1ple |

3 1 1 Computat1on of Ampl;tude._. _“L“*;,*;,,,}eﬂ o
Asymptotxc Ray Theory (ART) prov1des a t1me domaan
a solut1on to the elastodynam1c equat1on and the boundary

” ‘\\

R7cond1t10ns 1n the form of an asymptotlc xray ser1es “in

1nverse powers Of frequency.a Cerveny and Rav1ndra (197t:j}

haVe used the ART to der1ve the follow1ng express1ons for_f

thheﬁJvert1ca1 components fo reflected and head wave‘

amplltudes from a po1nt source to the rece1ver bothflocated

P T e T




qonfthe‘surface (figdre43;1a and 3.1b).’ r

“
. oo i coe ‘ .
: ' cos - N2 PR 3 vz (1)
o S e feost 1 (o)) (0
et S
e T I P
T s 7, T 2) .
‘ P ‘ lAretl. )l;ll&z.)nz/L 'i‘ ) o o . ()
i ‘ 1/2 /29 11'1"‘” T
Ah“d v tanG I‘ {L R, 1) /[wr: (r r ) ] GRNEIY (3) :
A \ , S
. _ : ‘ , ‘ R - .f.f-c‘ T
k = 1ndex for the: crxtlcally refracted ray segment

N

.

L = geometrlcal spread1ng . )
_,Jﬁj retlect;on or transm1551on coeff1c£;;hﬁcotrespoﬁding“td”

the Jth ray segment ‘@'f;&.i L: } ”\'.j;’ ' iff"ft“3fiﬂf]h
f@r; = head wave coeff1c1ent for cr1t1cal refractlonwl U
‘fv) veloc1ty along the jth pay segment.'ﬁ‘" "'”LV S

Eﬂhj*a th1ckness of the layer COnta1n1ng the jth ray segment.‘wf

'ghe;;s the angle ‘of 1nc1dence at the Jth 1nterface on which
the ray 1mp1nges., u‘;“ﬁ‘ Nf .;ji-ﬁff : ij o . *“(\, }

[ a
[

'8 = total number of segments 1n the ray., ;3‘_‘;“\ .": Q,

S, = domlnant source frequency.v‘ T 5l ;fL e AR

e r = ep1central d1stance.ru', -
l‘r{ = cr1t1ca1 dlstance.'ff”'w ~ﬂ-.fﬂt7f_¥. L S -

“wﬂ; = a un1t vector tangent to the last ray segment"f
To calculate mult1ple reflectlon arrlvals, correspondlng
changes 1naehe expre551on for the geometrlcal spread1ng must

be made to accounr‘for tﬁe add1t1onal ray segments.‘,Thejﬁ

cr1s1cal dlstance r 1s g1ven by

DN e et e 2. 8 hv (v 2ev 2) TR
ey L v e e R

' e e S i

.~vhere .n" is the  total -number of ‘layers. Using’ the ' same:.,



_ Geophone.

Fxgure 3 1 Sketch showzng tay segments requzred to compute

(a) reflectlon amplztudes (b) head vave ampl;tudes and (c)f

(f reflectxon travel t1mes fo a mul;xlayered medzum. ;}j'f%fﬁ‘
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notatxon as Cerveny and Ravxndra (1971) thé ﬁianSﬁiSSioh‘w"

;coeff1c1ent 8 5 reflectzon coeff1c1ent R ".and thewheadﬂQayéf

"cqeffxélent F respect;vely are gzven by,  ‘fr“ o
., Sl a”“ 2q p P (B x-".-+-‘...,'9:1P‘Q_‘Yz)/p«[,—, L s
Y : Toab i -;‘}214 et

, R, "‘= AJ +. 2P (a Bpxz p} zp Pzp4 + quzppp )/D '6)

L TR | . c LR LT

SR .?e,«r,z;é:eg»rfP;'( Bk + B e gt/ ()

131
‘where, . o o : R M .
‘"‘\~; - V2‘7 T e e e 8
P o= “l;,‘ a/zﬁ‘fu\},*g;:“A,du, S
: P" " ( 1«\. ’ p ) = !:‘, ,».,‘." PO " '\ S . SR ,“ v‘ ‘ '
. TR e T T e e e
: ‘-Y. = "' QP B S R NP el . o R e ‘
"q = 2(P B - p B ) SH:C;‘#?%',fiﬁf“‘tﬂﬁuﬂW
.D.= 2B sz z2 # aBPPx . app
";+pp(aBP~P aﬁ?zpa) +‘fq.ppppp

= where,

p,ra Iﬁ

-

~
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~,usxng a’ numerlcal algorlthm such as the Gauss~Se1de% method

I ” ) | ‘x':“)".: e “ - . 27 L
3 1 2 Cdmputatxon of Travel Txme" :':7ﬁ‘3‘w L

The reflectlon travel t;me at a Tteceiver iocated at.

-

l‘4_...ci.irjs;:ance}1{_*}‘15 glven by (f;gure 3 ) }.“’m' o

a

. . [

. . ) . ' v . . . P . :
v . L s "o Ce .

L o B 2, 2372 G )
b : . ‘TJ ‘ ‘2 ‘21 h,;v4 ( 31 p,) v) ) o o . . ' ‘ (‘p )

~ . et . . .
i, . P .
N

lfr‘where n 15 the total number oﬁ layers. The ray parameter p

cOrrespondxng to the offset x 1s obtalned frOm'

SR 2 Enpy (e ()

. . B . il
- » [l '

A}

The head wave travel tzmes are compubed from C

' ) \ P R - ' o Lo '
N PR APRUPP ST TR R V2 S ' (10) '
. = + . -V tr '
L TyE x/x:n +2 L ,h},(vn YM) oL
- \ ,‘.:. ,‘ Y " L o [ ) . ' , " .
A A = ‘!‘:‘
A t

where,& oJ-,V,y B A S

+ “ .' L e “ C . y o - : s - .
J 1 2 3 . p o, . -\.0 n PRI ~ "“ ,.‘ I., N l»y“\f'."l‘.‘,'i, . ‘ ’
‘tn'= total number of layers..‘fi e, '
-'_":, : ’_ L kj..?r‘; o ‘ . - o . o
.N : [ ;':.v\ sp ‘,\ ' . : '
's‘ R ’ E ) 1 '
L ‘ e e o
3 Zalmplementatron of the Method.‘ £ y
. . \ A M | .

,}f There are about three mazn con51derat1ons 1nvolved iny’

the parametemzatlon part of. the progess. The f1rst one 1s

RN

.,n.

] squares suggests a small number Gf parameters to avo1d errorv

magn1£1cat1on due to 11‘1 condxtmnmg‘ of A‘A. Moreover' 1t~'
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¥

underdetermined  case) using a complétely different
algorithm. o ‘ ‘ ST :

)
“

. The next important consideration‘rs to. try to thoose
‘parameters -which are truly‘ 1mportant variables and are
expected to be resolved by the data. of course, there are
‘sxtuatxons where the relat1ve importance of varxables is not
‘well known beforehand ’ In those situations we may have to
proceed w1th the 1nversron process, the‘Variable_in question

%exng included 1n fthe; parameter llst 'and !studv the

correspondxng resolug1on;vector Only then we may be able

—

to decide whether or, not to- dlscard a var;able

\

Lastly, the parameterizatzon should be such that ;it‘f

.

does not lead to a complmtated forward model ~and it 'is

',\|>

sxmple enough to be llnear zed easxly and’ st111 contr;butes

~

successfully towards the essential propertles. ‘
?he total 1nver51on process has been de51gned to nork
©in ‘tw‘o Vs‘t‘ep‘s; (a) 1nversxon of: the k1nemat1c d@ta }(b)
.inversion of the dynamlc data usxng results from-. the

k1nemat1c 1nversxon as constralnts.h A flow dlagram for the

1nversaon scheme used in both steps (a) and (b) is shown 1n o

v \_,.t -
" -

flgure 3.2. ) A I, ‘
%?e k1nemat1c.‘1nvers1on stage computes the P 'wave

veloc fies~ ‘and’ the- layer th1cknesSes from theﬂxravel time

A

data. These P velocatzes are then used to form-part of the

1n1taal est:mat1on requlred for the 1nver51on of tge dynamic

v

1nformatxon. Slnce a close 1n1tiai guess is. very 1mportant

a "

for convergence,, use éft thxs 1nformat£on from stage (a)

-y

. r.x,A »

-51gn1ticant1y improves

'AHowevér,, vave Vel extaes and the den51t1es tare,;not;

B " %

‘avallable erm the travel t1me 1nve;s1on in step (a), We

P A

LRI LA

N
¢

he - conVergence ‘fate in stage (b),%~‘
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. INVERSION SCHEME

)

INPUT
Geophysical Observations
Initial Earth Model

|

'COMPUTATION

Calculation Of Model Response
| Matching With Observations |
Iterative Improvement Of Model

s _ l o

OUTPUT

Final Earth Model| . -

Figure 3.2 Flow diagram for the invérsion scheme,
. " . N ' o ! o ' ‘ ' '
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have therefore useé?the following formula (Birch, 1964)
. I\ .

‘ , B = a/1.732 ‘
\ o p = .252 + .3788a (1)

to provide initial estimates of densities and S velocities
which w1ll later be refined by the inversidn process. Two
dxfferent approaches (a) the strlpp}ng method and (b) the
,simultaneous full model inversion have been tried for the
inversion schmTi“_In the strrpplng process -each 1ayer‘ls“
considered separately starting from ‘the topmost layer. Each
layer has three 1ndependent, parameters namely .the P
‘velocity, S velocxty and densxty. Thlckness‘ parameters
v_obtained from the kinematic i inversion are kept constant for4
- the rest. of the inVer51on- process ~ This is ' done
intentionally to’ reduce the number of parameters and give
more empha51s to the veloc1ty and densxty val:es. The
number of layers is 1nd1cated by the number of travel time.
,jhranches in the observed selsmogram. Informatlon from thel
" upper layers (as computed from the partial 1nver51on) 1s‘
used to reduce. tlie number of parameters requ1red to compute\

the lower layers. However, 1n the full model invers1on all

the model parameters ‘are computed 51multaneously. In the'

1,0
o “i

latter case, the transformat1on matrix- A now contalns,
'klnformat1on froun all the spec1f1ed arrlvals ( e. g:;, all
f;rst arr1vals in a refract1on se1smogram 1nclud1ng direct,
Pg and Pn arrlvals) and- 1nclude the effects bf all the model;
parameters and the data - recording sites. Therefore it is
obvious tHat the matrix dimension will’ be substantially,p

larger than'the previous case. 'Therejgge, we have found the

9
£}



“freduc1ng it further 1n xh

] \ ‘ . ) e L “
‘stripping method more convenient than the full model

N ° R ! o ' . . v,
inyersion in ‘terms of storage space total processing time

\

and convebgence. However, the final result remains the same

in both caSes.‘ A ' ' ~

u

Decomposxtlon of the matrix A 1nto U, A and Vv has been

carrled out 'by us1ng a subroutxne given by Forsythe et al.
" \

‘.(1977) _The ‘inversion process may be desxgned such that all
the calculations are perforied systematically' without '
interrupfion and stopping at the final model automatically
when the- requrrea‘ convergence criterion is met; 1 On  the
other hand, it is also possible to interrupt - .during

calculation steps to inspect the elements of A”\for.small-
iy - !
singular values whlch tend to create 1nstab111ty It is

)

also 1nterest1ng \to monltor results at the end of each

1Y w ke B

iteration before funal convergence and study ‘the solutxon
\

growth pa;tern. ,Both optlons-ult1mately lead»to the same

result but in most of the cases it 1s convenlent ‘to ‘use the1"
first option. Estima ion of the damp1ng parameter (equatlon:,

'.iB; Chapter-z) may also be des1gned to be an automatlcin

process' (Chiu et al.,\ 1985) but ‘we have found that the

automation process is ¢ mputatlonally expen51ve and may vary.
" for dlfferent types of data. dnstead ve . haye determxned B
after a few trial runs’ start1ng w1th a value of 7.0 éﬁ
.subsequent s;esz' In most of thepf
synthet1c examples class1 aI ieast squares (B 0) has been .
h suff1c1ent enough to om1t t‘1s part of the computat1on.

Since ART does ‘not pro'uce rellable amplxtudeS‘at the

of %ﬁé amplitudes has beenﬁ%

(N

8&1t1cal angle, computatlon‘
restr1cted to the precr1t1ca1 or postcr1t1ca1 reg1ons only.

The part1a1 der1vat1ves which.. onst1tute the. elements of the'"
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\

expre551ons (derxved 1n Append1x A3) and numerxcal methods‘

employing the central difference formula . .

0

‘matrlx hA,' have been computed ‘u51ng both analxtiCal"

. "y . e 1y X
g , | - - » 12
—- 0P /3%, = [F, (X,*0K,) - F (X, ax,1/20%, o ‘( 2)

K
.

‘

| . o o . gl ‘ - Lo
Computation of response at specific geophone locations has -

been performed usfng'a two-point ray tracer. The ray tracer

computes the ray parameter corresponding to.a .specific
‘ ¥ :

shot - recelver pa1r using a numerlcal approach Once‘the ray .

parameter 1s known the angles of 1nc1dence at: each 1nterface )

'

may be computed~£rom Snell's law as follows

A

‘Gj = sin”(&ipl“ L o ',&13)

. [
1

IR

where p is the ray . parameter ‘and vj,ls the . veloc;ty of, the"'

: %) ‘ :
Jth layer. Computatlon of amgrltude ,is.‘then _stralght

forward using equat1ons (1) (2) and (3) R ff '

a ‘ .\‘.vt ‘1
S1nce the amplltude values computed by the forward

model are usually; very small, scallng 1n the ' form 'of a

| multzpllcatlon by a large number may be requ1red t& ensure

i

\the necessary sxgn1f1oant d1g1ts..

s N Lt FEA SEIRUR N
> Lo ol X
s .

3 3 Numeikcal Results. e “y~~7}f_;7*‘ .

Before attemptmg to 1\nvert real fleld data-—1t 15

worthwhzle to 1nvestzgate the re11ab111ty of the 1nvers1on;”

program developed.*\A serles of numer1ca1 tests have been

performed ‘in th1s regard The results obtalned from these

..") .

rftests 'prov1de ‘eome 1n51ght 1nto the capab111ty of the

~ _ @ NN

ce «

, -

.



"program "theﬁ‘consequence“ ét ciqherent ’uncertainty “in :the»‘
data, error 11m1ts to the computed parameters and above allJ
the rel1ab111ty of the results produced by the program.‘
Synthetlc ampl1tude data (flgure 3 3) have been generated byl

the forward model calculatlon of a 51mp1e 3 layer veloc1ty

R

model Kshown as exact model in flgure 3.4). Treatlng these
amplltudes as “the observatxon data we“ have ‘usedv the
'1terat1ve 1hver$1on algorlthm to calculate the flnal model“

s 1

As” expected ;the flnal 1nverted model is an exact‘ﬂ

LY A "

3

reproductlon ' the theoret@pal model (flgur% 3. 4)
ConVergenCe to the flnal model occurred after 3 1teratxons
Absolute resxdues have been m1n1mlzed up to the order of
105 : Table 3. 1 shows ‘the computed model- parameters along
thh the correspondlng standard dev1at10ns and resolut1on'
values, These numbers from table 3 1 1mply a 100% rellable.
: model w1th1n the spec;flc error‘crlterla.‘ Overall RMS error'
for th1s 1nver51on turns out to be 0 00002 (in terms of the
dlfferences in calculated and observed amplltudes) after
Just three 1teratiohsr' The resolutlon matr1x 1nd1cates a

hlgh degreev of‘ unlqueness w1th every dﬁagdnal ‘element}'

show1ng a maxlmum value of 1; 0 FRI Q..& ,\.f.‘ LR

-i Next we randomly contam1nated ‘the same data with a .
::'max1mum spread of 10% for the travel t;me data (not. shown)

4'.and si’?B?*Ehe amplltude data (flgure 3. 5) Moreover,_szncehl
nOE‘all‘the g&ophones record every event we randomly deleted 3
some * of the statlons tQ, s1mulate thlS s1tuat/ion. It ha
been fouhd ‘that the lack of observatlon and contam1nat1on of p
the data‘ both adversely affect the . resolutzon hand g

-convergence rate. Mogeover there\1s always a max1mum 11m1t:

of contam1natxon (or nolse) 1n\the data whxch the program 15;

. j vt m
e s o . S . > .
[ »\ . R 1 4 4 R B
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Table 3 1 Results from 1terat1ve 1nveqsxon of

exact amplxtude data for a 3 layer model

A " ‘ o B e e
“ » L \ \", - . “ B [ ) - } o4
“ p: . .). . J ‘ . ““
' ' | ) \ q" .
] 5 4 L #
. o
,‘.’ A ‘ll ’uﬂl \ g
e ——m e e ks y —: —————— '1_ a8 .
LaYer."Exact Inverted Resolutlon 'Standard :‘ B
" - model. Model (dlagonal) Deviatioen ‘
e e B e |
. -Veloc1ty km/s o ) i K
1 :',6‘;0 6.000 1.00 00001, -
2 6.5 ' .6.500 - .1,00 - .00001
3 7.0, 7.000,.. w00 ' .. .00002 ;
I‘“S Veloc1ty km/s 0 o ““"““fﬂ W B
1 3,464 -°3.464  1.00 ,  *.00001 . -
2 ©3.,753 . "3.753 -~ 1,00 -+ ' ;00002 ‘
3 ‘ 4.042 40042 -1.’00 000,002' K '
R vDensxty gm(dc | | »E‘f‘ . ‘; ’
1. 20525 2,525 1,000 . ..00001 .
L2 114 2071400 0 1,00.“.“w_"00003 . Cor
' "3 . - 2.904 . 2,904 ¢ 1,00 f  .00003 ¢ .
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“V‘close guess to the actual model
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,3able to tolerate vhile Stlll producxng a" model reasonably
‘lclose to the exact one. We have found that a max;mum of 10%
“contam1nat10n to the data is. allowable to get an acceptable -

“”estlmate of the solut1on prov1ded the 1n1t1al model a ‘

{e~ results from the
| 1nversxon of contamlnated data are 1ncluded 1n table 3.2 and
"fthe f1nal model 1s shown 1n f1gure 3 6 The no1se RMS'of-l
hamplltudes-remaxnlng after X 1teratgons is 0 01 It is also

.ev1dent that thil

'ﬂjlargeﬁ stande‘?ﬁe;tatlons than those obtalned w1th exact

data. 'However,ig ff‘e'estlmated model parameters are Judged
along w1th “the estxmated dev1at10ns, the agreement is st1ll“
E good . Therefore‘we may conclude that the program w1ll work
.‘for both exact and no1sy (w1th1n the above llmltS) data by
carefully detectlng the no;se level (absolute resldues left
at’ the end of 1nvers1on) glv;ng a quantltatlve estlmate of
the uncertalnty (standard dev1at1on) of the computed values"
’3 and 1nd1cat1ng the rellab1l1ty (resolutlon) of the results. d
- We have also tr1ed dlfferent startlng models and found
that wh1le the flnal solutlon usually dbes not depend on the

1n1t1a1 model the convergence rate generally does,‘as would

be expected

g‘The',DEXt example we”ghave: attempted the n01sy

"ampl1tude data (f1gure~ ~T) generated from a 3 layer model

f*jﬂ the nuddle crust., From the

NS
L A



Table 3 2 ‘ReSultS‘from iteratibelihversioﬁ of

‘h'contam1nated amplltude data for a 3 layer model

. 4
| ! ‘ P
; k '
Layer ' Exact Inverted Resolutlon‘ Standard
. - model Model '(dlagonal) Deviation
p- Veloc1ty km/s ' g
1 6.0 6.036 1.00 .03631
2. . 6.5 6.550 1.00 05752
3 ‘@ 7.0 7.045 1.00 ' 05241
, S-Velocity km/s . .
i '3.,464 - 3.500 ., :.1.000 . ,05250
2 ,3.753. . 3,807 . -1.,00"". .. . ,06120
3 . 4.082 - 3,993 . 1.00 - - ,05701 -
L Dens1ty gm/cc‘ 50 o el
4 72528 2,531 1,00 ,r;"’¢o3190 Y
o2t 207140 12,7420 0 10000 - .02912
03 . 2,904 .2.856 ' "1.00 ) 04232

- s s e G - - ..-—-—--——-‘.-—_--———v_—‘__—,——_-——-_--_—__‘

nv’3l9‘ \“
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Table 3 3 ResultsA ffom iteratxve 1nversxon of

n, . : . 1 -‘\ .v’“n',‘v
ampthude data for a: 3 1ayer low veloc1ty mﬂdel
' ' , . . ,\“ ! 5 ] . )
( . N . o
) . N \ R o . .

' Layer . Exact B Inverted ~Res§lublon~ Standard*‘
"+ . modél’  Madel . .:-(diagonal} Dev1at40n¢

__4______________~_ -_~;_____-__M-~_,__

A\ e
. ":\v’\N ,‘

—_—_ T e e, ———_—— -—-————r—F—--—--—‘———\——:*»—-:— ““——'--
X 1 . 6.5+ 1 6.458 . “106640
.t2, . 6.0 5,963

3 ' 7:0;‘;' 6.941

07160

_-_L_HL_--__L _______________ ,ﬂ,___fr«h
1 - b T A"
- Veloc1ty km/s * . A .
______ “_-,\-__..,._......_-__...._...._..._:_.\_._...‘._...‘A-__...k.a..__g.. =

S 3783 TT37000 T MLo0 T »fos139
©2 . w3.4640 3,420 U 1,000 0 ou0§252
'<,3.";~j 4. 042“,H3 950 = .1.00 .__».‘J.99470

______ ———9————————-—————————————-——ql—\—-‘——-’——_d—
. LN M N o
- | : T
rDensity ' gm/cg » e
,______‘______‘____. _____ ,-.--,—-——-m ————— s----_——«\_—___,..

AT L2 Y 679 4[ 1.00 0. .08182
) 21,”. 02,5250 . .2,496: .. 1.000=
S3 2,904 - 2, 944 1500

"'_\-——J"‘-‘—'-"FW"" .,

204755 .'«g?‘
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with a 1ow Veloc1Qy zone in &he middle crust.
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'model (the program rks for multxples from any. 1nterface of

»

a layered ‘model). From visual 1nspect10n of the fxeld
sezsmog"am alone it is partlcularly troublesome to c}ec1de

wvhether a primary Qr a multxple reflectlon errxval is ‘being

a\ -

observed Sometimes these multlples‘may be: attenuated
durlng _the Common Depth Poxnt . (CDP)Mp‘roc'essing 'b‘ut '
unfortunately the Normal Move Out (NMO) is not usually large
enough to 1dent1fy the multlples w1th certalxnty ~For | long

‘fange proflles such as An the case of w1de angle data 1t is’

N LA

partlcuvlarly difficult to. detect such .arrWals. ~An

effectxve d1agnost1c ‘clue to the 1dent1f1catnon of multlples

would be to conszder the energy of the 51gnals but merely

l

.ylsuasl/lﬂgpectlon would not ~ sufflce due to the presence of

1 N

noise im the eéord 'I‘herefore we suggest the\apphcatlon
of our 1nvers~1on algorathm as . an attempt to. resolve this-
problem. Even 1f the - vxsual 1dent151catxo'n may seem

extremely d1f£1cult we may try dlfferent 1nput model,s untll

L

it isg establlshed that no other ‘solufions are poss;ble‘

| e)gcept ‘the one w1th multlple arrlvals.' A trral and error

,l/

v process may be requu'ed but a solutlop base'd on the ~pt’1mary

arrxval, assumptmn is most unl1kely to occur. This is-

LY .

because of ‘the, sensitzv-1ty of the' amphtude fu,nct1on in
. Vo,

terms of depth] "_Le.flectwaty a’nd geometr1cal d1vergence of )

, ~s

t'he_uave front.\ Flgurev-3 9 shows the f:est ‘data we have

'cons‘.ldered F1gure 3. 10 and table 3 4 xnclude all the

. -~ oa

results o obtamed . from t;he _; 1te%atnre o 1nvers1on of

- o

contamxnated multlple reflec¢1on arr1vals. ?‘able“—j 5 shows ;‘.

the result of an attempt to 1nvert a. sst of noise free

‘s \\v

"mult:ple reflect:on data m’ terms ofwan 1ntentmonal wrong :

‘ assumption of prmary arrwals.\ The program unsucoessfully

N

S
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~Table- 3 4 Results from 1terat1ve 1nver51on of.

n01sy multxple reffectxon amplltude data

‘, ;

\‘ [d \‘ -
_______ A_-_-L-T—‘_'—_—”__——’—‘--_"_—‘—"tr—,._‘—‘—:.-—-”—-—_‘_‘:“- ‘
Layer . Exact Inverted ‘Resolutiion  Standard

model ' Model ¢ (dlagonal) Peviation.,

. P- Veloczty km/s g 3 s ,
e e e e i e e Sm————— “-w——--ﬁ—\~—-7w-——-$——-

R 6.0 6.036- 1.00 *+:0323
2 6.5 6.550 1.00 .0510 i
3 Lor70 7.045 1.0Q,~ ™ .0432
S-Velocity kKm/s ) N < ia

i 3.464 . 3.500 1,000 * Nogsz v
2 3.753 3:807 1.00 » .0561
3 4.042.. 3.993 .00 0282
—— e ———————— VS AP N S .10 S S AP

* Density gm/cc XN e
___________ et oy o e o e e o o e o e e i v o P o o S
1 2.525'¢ 2531 1.00 '~ .0234 )
2 ~ 24714 2.742 1.00 -~ 0346 .
3 2,904 2.856 1.00 . ° .0584 .

‘L45‘
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Table-3.5 Résultshfrohﬂiterative inversion of

SN L : ‘ pe Z *
multiple reflection data “with. wrond 'primary. -
‘arrival assumption. . )
. ! ~ : '_,‘ b N .
~ ~ ) . ,
; v
:l
Y "_ r
. . A
! "g ’ v
- 11
¢ . g
—————— AA—————-—————-———-——-——m—p——-———————————--

" Layer Exact . Inverted Resolution Standard -

mbdél\ ' Model (dlag ) Deviation

e N TR SN A————————

fP Veloc1ty km/s.

1 6.0 7.206 1.00 1.8500
2 6.5 8.495 1.00 2.1200
3 7.0 9.045 1.00 2.0130
--‘—-R--——"--———;%——_-—-‘-—---——‘-P‘ —————————————
- S-Velocity km/s
e e A e e e e e e e e e e e e ————
S 3.464 4.311.\ 1.00 - 1.5700
2 3.753 7 4.950 .. 1.00 -, 1.8640
3 ‘.‘»4.042 . 5.885°. 1.00 © 1. 8660
N L Den51ty gm/cc DY '
T 20805 2,202 - {1;00 .43030
2 272,714 2.316 1.00 .54310
3 2.904 3612 1.00 .67420
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"leads to & d;vergence.. o S o
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B A ' SERCARNE SRR 49 .
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au:empts to f1nd ‘a local mxnlmum around the approxxmatea

‘1n1t1a% s‘o_lutulon. As expected the result 1s an absolute'

non—'conve‘rgence.'" Even after‘200 1terat10ns the program;

oA

. fails’ to cbnverge to 'a real1st1Cnmodel Another test for‘

1nver51on attempt 'w1th pr1mary arrlval data in’ terms of‘

,”‘wrong mult1ple arrlval' assumptlon also led t’o dxvergence. '

k4 1

"S1m11ar results from several other’tests w1th dlfferent

NG

- models encouraged us to assume that the program is useful in

)

’)“

-',.de~tect1ng mult1ples 1n ‘many - dlfflcult sxtuatlons by

N,

. 1nd1cat1ng a prppable‘ wrong assumptlon about the phase under

A

vconsnderatlon m ‘whxph caSe the 1nvers1on attempt usually,

R -— \
LR
P

N »

) \ ' ,. .‘.‘ o -



4. CRUSTAL MODELS-WITH CURVED"BOUNDARIES

p ' ' .
A » Lo A 4
P . L) [N [

| Deformed crustal reglons ‘and'{alsof'many sedimentary
"‘ba51ns often demand modellng in terms of curved structures.,
'“Two d1men51ona1 geosyncl1nes ‘or‘ ant1cl1nal surfaces ﬁare ’
:adequately descrlbed if the centre and rad1us of curvatures‘"
are known. Forward analytxcal models in terms of parameters
such as P,wave veloc1ty, radlus and centre’ of curvatures are
consldered to ,determlne these quantltles‘ from observed
"‘w1de angle reflect1on travel t1mes.~ Synthetlc ‘models u51ngr
convex and concave shaped 1nterfaces rand. also ’extended-‘
: curved surfaces havzng bogh convex()and concave ~typed;
'Iundulat1ons are USed to demonstrate that the l1nearlzed‘
>1nverse method ‘can be‘ used eff1crently to determlneb the
curved nature 'ofw the reflectlng boundar1es.‘ Analyt1cal,:
.computat1on of . the forward model 1s used to ensure rapldfif

> _
convergence,and nomlnal computer cost. It 1s 1nterest1ng to

-

“note that 51nce rad1us of curvature 1s calculated as an"
ﬁeoutput from the travel t1me 1nversron the Asymptotlc Raymv
7£Theory may be 'used to Calculate *the _amplltudes fromf;l
analytlcar:express1ons glven by Cerveny and Rav1ndra (1971);‘3
vzrtual‘y for no add1tional cost. Th1s 1nformat10n may alSO‘

S ~:;£¢' generate synthet1c selsmograms for curved

sﬁsttUctufes w1th small computer cost. Further 1nver51on of

;Gthe observed. amp11tudes w1ll resolvesdaddltlonal unknowns

Qgszde'1of'fthe';reflector._

Homogeneous two layer models are

More complexjy;

i forward modeli R



Y '

" 4.1 Forward Modele ‘,:i "h J

Expre551on for. travel txmes of reflected body waves
from- a- curved surface 1 ‘parametrlc form is ngen ‘by.. ..

., (Meshbei, 1968) 5 i ‘];,; AR v‘i_f'%~

o

S L____Ja___[1 4'jg% )"1fﬂu RE
: o .1" vy - ) ,( ) .“‘ o : ' ..,. !
S D ej(x}Zd)Iif+‘3¥L] 7S AU 3 N
' S ¢ t \‘b‘—"c,_ e ST R
o Vi . . N R ‘ ‘-;‘ « ‘ 3 . - o .
! } A . s . [ ‘ \ . . f v., R

‘ where‘ D is the - offset distance.:'it# 1s assumed that the

recordlng proflle 1s perpend:culan to the §tr1ke of the

i

structure. The. follow1ng tetms. have been used in equatlons;

(1) and (2) above"""-‘ ;‘i_VV“ ‘"‘3# ' u“)dY‘ o ﬁ"m'f
R . Cn . et

: vy = veloc1ty of homogeneous\med1um above the reflector

+ dz"‘ | fg.f”.

R xo T L A I SN
o~ (x- xo)] 3y o e S
means a concave and a convex surface respectlvely

+ [r‘q(x x) ]1/2

' x coordznate of Centre of curvature

w

»
SN é_ z
d= 3%~

+

N
| R [

"
ll

b ' N Al .
R e L

z~coord1nate of centre of curvature

L

radlus of curvature 'Qﬁ“\»'g;:‘rjj {1‘ B

‘N
n-

H
u,

tlo..‘i'
N
l

(x2+z )a (x+zd)2 : _]fjfjl;‘ﬂ“; ‘*Qdij_fi;5}_fdf”;‘rlT¥

(x+zd)d 'f_jjzﬁj']}ﬁﬁ;‘ V,ﬁ -

.

‘d xq 4..coord1nate for the reflect1on p01nt. f@;*fgd7"

k3 q

It 1s 1mportant to note that equatfons ,(1) and (2)

remazn va11d for varzous types of 1dea1 curvatures such as

c1rcu1ar, e111pt1ca1 and parabol1c 1nterfaces.‘ However, for,

e -

each type of surface an appropr1ate value for the tangent d

to the curved boundary at the reflect:on po1nt has to be

fanalyt1cally ff numer1ca11y.ﬁ-‘Approx1mate

,A D RN .




o ( -‘ | ‘- “ “‘v‘,il.““ . \52'

\
.

xnltlal values for x , T z and the known offset dxstance D:

ol

Hare 1nserted 1nto equatxon (2) to solve for the X coordlnate
' of the reflectnon po1nt by an 1terat1ve method Thus found

3 the x coordlnate torms an estlmate correspond1ng .to the

' e e e

'current values of xo, r0 and z .. The" 1nver51on process is -

. h ' e . o ¢
then ‘carrled out 1n terms of xb, Ty ‘zd,~ and v usxng

-—

equatlon (1) as the express1on for the response funct1on

Iterat1ons prOCeed untxl convergence 15 met us1ng a. su1table-‘

.

'
,-/

ﬂolerance cr1terlon (see equatlon (15) ’chapter 2)

o v . . - N
N L . f [ . . . . N ot
AT . ' s N v "o M Vo .

v i o [ . " . - SN ‘ ) . L
o ;e P N ' A oo S e Ll . R o -
. +#4.2 Synthetic Tests: . ST A A e
LI . ' v ' ! 5 ot H ' 2t . ' ‘. N e ‘.
. ‘ M g ' e e ‘,"" o ) ’ ! K ' S ! e PR
MR S ] i ‘ o ‘. ' " N \ PO DA
* ' (A ' " y ST “ '
R P v',,‘,‘ tod A RS Y . . s el - [
N ‘ [ S . . v e g ' o

4 2 1 Convex'Surface. 'f3 "ﬁ 'm " .,;f.gi;; "f u“?f'

:”r/[ Geometr1cal rays are con51dered to be reflected from a

Kl

t‘;onvex boundary ‘of%' cont1nental scalev? (flgure 4 )

EN .

Syhthetlc data generated from th1s model (Model ZCMI) are

“

l:shown*ln flgure 4.2, ﬂAppllcatlon of the 1nverszon program

4 ’
A n

to thzs data set results 1n an exact reproductlon of . tb
theoret1cal .model vlthln threel"lterations (table 4 1?§

‘

Travel tame res1dues were m1nrm1zed up to 0 0001 'sec.‘rw

Repeated modellng w1th contamznated data reveals that the~"

problem 1s h:ghly non l1near and 111 cond1tloned Th15,1s

e

1teratlons forf”f

’.1nd1cated by 1ncreased number of_}i

convergence,and large var1at1ons 1n the flna,ﬂresults w;th]h

tooﬂv'/

in’ the 1nput parameters_ JTherefore tof;A

only small'changes

i ﬁ}{gayegtthe requlredi;Q



e e ' X
. . N
+

Table 4 1 Results after 1nversion of synthetxc :

reflectxon travel t1mes shown An flgure 4 2 in.

v,

e terms of a convex shaped 1nterface model 2CM1.

4 . ) .o
’ . B
B .

i jt ' . ‘.: §
_____ A ST S S S IR
Petet Xo Z0 "Ro v
o (km) (Km) © v " (km) (km/s)
-.--'2-.__--{......--1:—---A-._,.__..—q —————— -‘_—_——__-_-"-—'T -----
Exact . 10.00 20.00 110.00- . .6.400
model SR o
,In1t1a1 . 11 00 22.00 11.00 6.900
‘Model’ :
~ Inverted ~ 10.00 zo 000 10.01 - 6.400 .
'Model. ‘.Jf S T o
”V  ‘ResQLut;9Q 1:000" f r.000. I%OQOL 10000
C“Standard oooz 0010 Lpore L0001
*,Dev1ation S ) L C e
’*?‘h—'f-ﬁ—--—f-—---f%—----’ ————— " .4———-"—-------‘---—-—-'};,“»
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v b

stability.

4. 2 2 Concave Surface.

.

Slmxlar modelxng with. artxfxcxal concave structures

-~ "

were performed usxng the damped least squares techn1que.

The .data (figure- 4“3) obtalned ‘from the forward model

A

calculat1on~of the«hnowq $ ructure (Model 2CM2 ‘figure-4;3)

RS

were 1nverted after addzng andom noise. Convergence gas

achleved after 6 1teratxons. "A close 1nit1al guess was

necessary to. achieve“ convergence, Tablg-4.2 ‘shows the

results of-dnversaonr %bsoluté,resrddes were reduced..up to .

0.001 sec.” ° " K

fe

- ' .
v . P .
. . 3
[
\
' . . - . LT s ' " '
“
v . .

LY T -
4 2.3 Extended Curved Interface"d

> Applxcatﬁon Qﬁ the 1terat1ve inversion algorithm to

[
-

extended Aeurved.ninterfacés‘ may . “be possibl using  the

s -1 . . '. ' .
"concepts -used earfler 1n %be case of convex or concave

A
')

’ 1nter£aces. The entare Sect1on "of the data set may be
d1vided antp sevbral hypothet1ca1 subsectlohs each of whlch
corresponds to a sxngfe unit of the total extended boundary
It is d1ff§gult to esiabl1sh beﬁorehand whether a convex or

concave, unxt‘xs be1ng treated. It has to- be decided by a

« 2 N

trlal d“ error ' process(3 Somet1mes an exper1enced
geophysxc1st may recogn1ze the nature of the curvature by

lookzng at the travél'time curve'aione; The d1v1s1on of the_

1

ourved boundary 1nto smaller un1ts is regulated by the }}

s -
Y

requlrement that each unit ‘must: correspond to ‘a xnzn&mum

‘l\t

number of data .pointsg so that a least'squares crzterlon may
Lo . . s

- : - .



Table 4. 2 Results after 1nversxon of synthetxc‘

reflect1on travel txmes shown in. figure-4.4 in.
\ :\4 A

* terms of a concave shaped interface model 2CM2.

‘Xo z0 Ro v
) (km) (km) (km) (km/s)
Exact 20~.00  20.00 20.00 . 6.400
model : : ; )
* Initial’ 7 22.00  22.00 . 22.00 6.900
Model n : v > .," - ,
Inverted - 20.01  20.01 20.01. ¢ .6.400

_ﬁ___-_____~_-___4‘___-_,_,_____-_-_--______;__

Resolution 0.956  0.833 " .0.588 , 0,999

Standdrd . .0040° . .0052°. - .0069 . .0002 ;. -
. Deviation ' : z ‘

- = - ————— ——— o . =~ =~ o — — o = o= = o — = ——
. . l - . . * B

Y
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Pl A et 60 -
'beliaoplied "Flgure 4. 6 shows‘.th '{data:“ﬁoints ;used‘“to‘
determ1neV the‘ extended curved boundary lﬁodel“ZCM35m
f1gure 4 5) from the curvatures of its three sub unltsr " Two
convex surfac:es andra concave mterface form a comoos@}te
s:nusoidal type,exteNded boundary " The" results of” 1nver81onf”
are llsted in t%ble 4 3. - It is, obvxous that the asSumption |
"Mof smaller‘curve sections demands a large number of model. °
‘parameters. For better mapplng of the curved boundary it is .
also ‘neceésary to conaider as nmanv reflectlng p01nts as
boSsible on the interface. Therefore, it is of advantage to
’*have“ densely situated recording sites. Figure—4 7 . is,
presented ‘as an example to show that real1st1c structures"“
i may not be redolved well w1th only a 51ngle shot poxnt 3Duex“

’

. to random orxentatuwx of the curved SeCtIGhS many of thej“

e

reflected ray§ reglster' on the surface at reg1ons well
» beyond the observatlon area. Therefore multlple shot po1nts
- are suggested nhenever p0551ble._,‘ . ' o

- The results of’ the .inversion 1nd1cate that it is

poss1ble to 1nvert successfully the reflect1on arrlvals from

general curved structures of 12- D nature.‘uResults. may be”;
”,1mproved “with', more shot po1nts : and closely spaced"}
. observation polnts. Once aga1n the l1m1t of the randomzif
';contam1nat1on that may be handled safely is only 5% due tof*

severe non l1near1ty and 111 condxt;onlng.u

4 2 4 erld Examples* .t-p:;Tlﬂi;‘;‘;Rg }(‘5 i.“v']f'if ,{//
‘lThe f1e1d data have been taken -from a. 'refract1on fﬂ

selsmogram recorded by the COCRUQT group 1n 1979 along a
south-north pro£1le 1n central Saskatchewan (flgure-4 8).4 :

-l

o

‘.\\
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Table 4.3 Results after 1nversxon of synthetxc \

,reflect1on travel times shown in flgure 4 6 1n
Vterms of an extended CUrved 1nterface model 2CM3\.

N -

\

X1,21: and Rt = coord;nate o; centre curvature and

A /

K‘radibs of curvaturewfon 1rst 1nterface un1t etc
A , A

oo
\ ' )

e o e e e o e o b o e i  — —  m  —  m ———— . ———

km or Exact / Inverted = Resolution - Standard

km/s .‘Model_’ Model ‘ .~ Deviation’
W1 e.0] e.000 1.0 0,005
x1 o209 " 20001 1.00  o0.0121
z1. s0j0  50.02 . +1.00 0.0279
CR1 20 ffff'56'5§j§""If66f’7f""i5'o?§8'7f~

%2 eh.0  '59.98° . .978 - 0.0081

22 30.0 ' 29.87  .919 | . 0.0175 -
Rz - |20.0 ' 20.06  .575,  0.0489
W oo Tiaoe ien L ansos
73 | s0.0 'EB'BE""'"§TBS* 'ff"'f6’258§”’
R3] 200 20,67 1.00 . 0.5387
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o ey ‘ T = :
~ The PmP arrivals‘used in the 1nver51on process have been
?marked w1th aster1sks.‘ Results of - the 1nversxon (table 4 4) ”/
x:1n terms of a curved reflector show that the Moho surface

\ o /
'under study does anot‘ have marked undulatxons.w’A \flat

iinterface is suggested by a large rad1us of curvature.‘ Th;s
result is” supported by the f1nterpretat1on 6t\ the »ftht
"“arr1val travel t1me data by Hajnal et, al (1984) ‘the "
next chapter modellng of these observatlons in: derms 6f"2-D
d1pp1ng boundar1es wlll agaln conf1rm the flat nature of thef
Moho surface in thlS area.l “The ’ average veloc1ty of then
upper med1um 1s 6 4 km/s. Depth of the reflector called the
.Moho is found to. be 46.7 kms. The Root Mean Square (RMS)

:value of the no:se was reduced as. much as 0 3 sec.j Thxs.f

. )

. ,valﬁe 1s somewhat hlgher than*the usual travel t1me p1ck1ng

¢

7error of 0 1 sec, . . As a result large .vaIUes of standard

gd§v1at10ns have been calculated for the model parameters.
In chapter 5 1t has been shown that the RMS value of the

E 'n01se may be reduced as much as; 0 "sec whxch suggests that

e

) these data are better represented by a 2 D arbztrar1ly)
| d1pp1ng model’ Inver51on attempts to model the present datalff

'wﬂset in. terms Qﬁsourved boundarxesllndlcate that the curved

'V;uwlth large rad1us of curvature

”',model does nok f1t the data closely and an output resultff

structure~does not have any wavé l1ke,att1tude.,¢}gm

R R N ST
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, Table 4 4 Results of 1nver51on of f1e1d travel ' 
?\M txme‘data‘ (COCRUST 11ne B S N 1979) shown in ,x -

fzgureF4 8 1n terms of a curved reflector model..f

\

V' il 3 .. “ "
' ! . L % ) . .
: ] . e
Al : ' . . f
“' . . . ° I
‘
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Model_lﬁ L

Dev1atlon P
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' '5. .CRUSTAL MODELS WITH 2-D DIPPING BOUNDARIES

b . . e : o . ' . o '

P ' vy

L

"Realzstzc approxlmatlon to lnany geologlcal structuresf"

‘ vmay be ach1eVed by adoptlng a forward model 1n terms of 2 Di

'

"5 1 Forward ﬂodel-,g:: -,-;]Ze, ‘('j"~” -yﬂ;;i“~4“ﬁ

glane 1nggrfaces of arbltrary dxps.. It 1s easy to construct§g

geometrlcal rays if the‘ medlum‘ homogeneous and thef*f

reflectlng 1nterface 1s allowed to change 1ts dip- d:rectlon“;
‘ : v.h
arbltrarlly.f However a few assumptzons are necessary

& »

"‘make the calculat;ons valld Frrst we have to assume~thatlJ

1

the reflectlon poxnts are conflned to the planar parts ofj
the 1nterfacé.‘ Th1s wzll allow us to 1gnore scattered andi"
dlffracted rays from the corner po1nts where the 1nterface':
changes 1ts d1p d1rectzon. SecondIy we -assume a. szmplev;t

 two- 1ayer medlum.\ Thlrdly we,lgnore the refracted rays for“:

' T . : . on L, .“ . I
‘slmp11c1ty.y Co : O 4‘.~ L
. - . 5 , ' . S v . Wy L . " . L .
) N oo . ‘. . RSN ;.‘:r‘, ) ~
Ly ' ’__’ N -
\ ’ N !
o . A R :
o ", ! N » < ' b,r
‘ ’ ’ r 5

[

Total travel t1me for a ray reflected from a dippznggﬂ
1nterface located at depth z below the shot point w;th‘W

‘_source and rece1ver both located on the surface¥1s,g1ven by

| (Dobrin. 1976) T D T
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a = dip angle of the boundary in degrees.v‘

It is assumed that the reflectlng b0undary‘1s composed of

Asevera1‘ sus unlts each correspondxng to a group ofj.

‘xobservatxons hav1ng a m1nxmum of three data po;nts in, it

fEach group when 1nverted through the 1teratxve process wxll;

‘ffgenerate one’ s1ngle dxpg{ng znterface un1t.} The parameters

!

j‘computed for: each group are V D and «. Coordlnates of the ‘

0

reflect;on p01nts are determlned by solv1ng two~sxmultaneousp‘
equatlons obta1ﬁed from the known path length of the ray and‘

“the Snell s law for‘ equal;ty of ,1nchgent and reflectlng L

'/‘.‘

angles 1n the homogeneOUS medxum\(Appendxx A7) ..

‘p‘r_\ ' 4 , \ "

S

"”5 2 Synthetxc Examples.

M2D1 shown' in’ flgure 5.1 1s a two layer synthetlc model

'havzng the reflectxng boundary ‘as ‘a coﬁ3051te of three'

‘,“sub 1nterfaces of dégferent dxps Three groups of geophones_

[ \‘_

nrecord" the‘ arrlvals‘ refl ceed from these three sub. |

v
4 : W

\“<tHe forward model cald%latzonA of equatlon -(1) Thef

s Ve

. ”;nvers16m is: carrled 0ut £6r these observatlons to. obtann]\

3the results l1sted 1n,tab1e 5 1 The vert1cal depths of subbﬂ

1nterfaces - below~‘. hehw source po+nt along : with :the g

'rcorrespond1ng d1ps are converted to the coord1nates of thehﬁ

’ ::reflect1on po1nts (table-s 2) uslng equatxonsﬂ ngen

h'Append1x-A7 1*%3‘ C;Tifﬁp ‘75 ,‘*ff?f TQ ‘\;"'

N

N

Next we conszder another'synthetac example (Model M2D2

n“ﬁobserved ;in the subductlon zones.‘ Art1f1cia1 data obta1ned

"i'us1ng equat1on (1) for this model ‘are’ shown 1n f1gure~5 4.‘

. " [ ‘v .
. AR ‘..' ’ . P . A e S .

[

‘gﬁllnterfaces,, Synthet1c data/(f1gure 5 2) .are. generated us1ngl

'“mfflgure-s 3) 1nvolv1ng large d1p angles similar’ to those K
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1

. wide ahgle;rﬁflectidﬁ‘t;

‘of\érbitrarily dipping i

N INTERFACE U
Veloc&tx
(km/s)h
‘Initial- 6-500-  °

Winal .. 6.399
'Resolution 1.000v
Standard L
Deviation - 0.001

--——-——-—--——_—-—— '-,——_-_

iterative inversion of
avel tjimes in terms of

nterface model M2D1.

_.—___—._..._..——_.—_.__.._-.___

Lkm) oo (deg
'. .00 15Aooo
7 9.997. 4. 13.997 . .
2120004 L 1,000
~0.003 .0.003

' ‘e
- e S R o S — - — o -

INTERFACE UNIT # 2

In1t1al ‘6.500‘ - 22,000 10:002
ngnal 6.403 19.947 - 0,133
Resolution '1.000. 1.000 + "1.000

Standard —_— , -
Deviatxon - 0.004 0.046 ° 0.149
. ,--"‘--"“"—"“-"""-“---""--""-— ---““. -------- “Q’}‘-
_ » INTERFACE UNIT # ’

W e e - -y-—-——_—— ——————————-—-———-—————: —————————— <3
. Initial J;..s;soo © 44.000 - </5/66'0
- Final, .6.397 . . 40,014 "-<14.049

~ Reolution” S0 +1.000 //’«~ 1.000

_- Standard’. - . 7 _
Deviation . 0. 005 o7 _4.083 . 0. 078
________________________ i eimm el ————
. P .

{
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Table-5.2" . (x,z) goordipates of the interface

units of model M2D1 after inversion of wide

‘ , angle reflection travel times (units in kms.).

§
. ) ) - ’
I3

INTERFACE UNIT £ 1

7 '
__.-._’.d—\ ———————————————————————————— - g - —

~-IWitial 9. 91,13.%65 18.2,14.65 27.5, 5
Final: o 10.0,12.50  20.0,15. OQ 30 0, 5

-

Initiae"14:91,2z;o 50.07,22.0 55.22,22.0
- Final 40.00,20.0 50.00,20.0 . 60.00,20.0

_.__._._-.._'__——_______--_—_.—____—-_—__..-_—_——___—,_—

"Inltlal_ '88.87,20.19 94.44,18.706, 100, 25 17.14

.

. Final ‘' 90.00,12.60 100.,15.100 110.00,12.60 .
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. Model M2D1
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Offset km
_Inverted Reflector

28
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Inbuttbata For Inversion
" Model' M2D1

e

| calculatxon of model M2D1.H.

Fo

50

|

Distance km

ul

.

>

Py

E F1gure 5 2 'Synthetlc data generated ftom fonward
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The resu ts“of. inversion . from the' data set shown in.

figure-5.4 are 11sted in tables 5. 3 and 5.4,

5.3 erld E amples. . ."' S ‘}

\ [ ) \ “ v

”foff PmP data mentioned ih Chapter 4 (seeA.

(«

The“ se

: flgure 4 8) is again. cons1dered here for 1nver51on 1n terms

‘(/A) -

of ‘a' 2- D dlpplng model “This 'is’ done 1ntentlonaily¢

vﬂemph851ze the su1tab111tx of the present method over the

'hcurved boundary assumpt1on for 'th1s spec1f1c case. Every‘

three po1nts 1n the data space are. used to generage a part:“

. of the' Moho interface. It should be . mentioned that theA

'prograu1 developed for the 2 D <31pping boundarxes ‘i'e dhlyw‘

yalld for a two- 1ayer model ‘Usually the Moho boundary 15:”

located below several 1ntermed1ate crustal boundarles. RaYs

’

starting. from the source at the surface are refrac;ed at’

these 1ntermed1ate boundarles before they reach ‘the . Moho
3y, ta

"'1nterface. S1m1lar bendlng occurs when the reflected rays,;

vpass through these boundarles to emerge at bhe recelver {

W

_locatlon on the surface." As a result the rays sujfer

«1dev1atlon from the stra1ght 11ne paths used 1n eduat1on (1)

Qaw1th a two layer assumpt1on.,A more general type of forward

;:boundar1es to ensure a more accurat”

“-f;n future studles) For now the results obta1ned u!'ng a'”i

7¢fﬁless prom1nent. Nonethelesspthe;present*algorlthm reflecg17ké

_model should take care of these 1ntermed1ate refractlng

esult Tto bé)hdopted

\

the ma1n features of the 1nvers1on process;}5

"‘ T . .- LR S AN R A T

(N i~
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TableLS 3 Results from 1terat1ve 1nv sion of .
]
N N

synthet1c wlde angle reflectuon t1me 1n jerms I

";,.. D ' o ;vw

@j.i ' Ve‘oc1ty . Dépth'-”f' D1p Angle. ;i‘ )
| 2 (km/s) . e ',f§kak' woo(deg) e

Inltlal‘ © 6,500 - 33,000 . - .0.000' D
Flnal S 6,399 .7 29,997 . =0,075 - 7"
ReSOIUtlon 1.000>. - ° " .1.000 . . 1,000 .. ¢
 Standard - B o T e
.-Dev1at§bn 10.00: _§ . 30¢003, C 2004013

E .:& C INTERFACE UNIT # 2 - 7f;.¥?;, . L
,;nitialjy; 6 500 j 66,2007 ]
Final .2 6,419 .60.341 - 7-'=29,9
Resolutldh 1.000 "-y‘“ N 1. 000{} 45*“";
Staudard ”buw*”\y."‘ : e

' o 522,4* )

' INTERFACE UNIT" #»3 2
16,000 % |
15.238° |
‘“1‘000‘ -

a-———-o.,——-——-—-——

Inltlal‘
. Final 2. . 6,
"‘Reolutxon Y
Standard'
Dey"tmon

~at

0.223

_'_....—_.-'—',——'
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“:Table 5 4 ‘(x z) coord1nates of the 1nterface

un1ts of model M2D2 after 1nvers:on of w1de o ;

3

‘ angle];efléctxoq travel times (units in kms;)§”  e

¥ o
4

o~ TINTERFACE UNIT g 10
—————— G e e -——————,—-—— ————_——————;———————-’_% T
‘Initial 0.80,32.10 17.64,32.10. 28.75,32.10 SR
‘Final - 00.0,30,00 * 10.00,30.00 -30.00,30.00 '
L '. INTERFACE UNIT ¥ 2 N
;:—--‘mf ------------------------------------

Initial 68 31,21.848" 73.21,18. 66 79767, 14. 46
Final . 40.00,36.90 50,00,31. 10 60. 00,25.40

[ ‘______,____-_-__*_______--____- e ———————— - %)

INTERFACE UNIT # 3

———c.-‘_—-——.———-——— -—-—-—————-——-—---—-—.———_—--—

" Initial’. 91.26;16.00 93.80,16.00 " 96.33,16.00 e
Fmal -, 80.00,15.00 "90. 00,15.00 100.0,15.00
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tables 5 5 and 5 6 include the!results of 1n ersaon for the

' \

observatlon data mentloned above. The overall RMS value for

't
- [ . ) .
T RS . ' ot
i . s

'vthxs 1nver51on 1s only 0 1'sec.h;;‘» i
b Flnally we 1ﬁclu§e another fleld example where only the
“yf1rst arrxval traVel tame data are consideredsi Modellng 1s
done'ln terms‘of head waves and d1pp1ng boundarles._ The‘V
forward model | for thls example 1s despr1bed 1n Appendzx-AQ.g;}
‘Data for thl! fleld example.ln southern Saskatchewan were }?

‘collected by the COCRUST group An E- W reversed refractxop

c / , as shot durxng two

."Both dlrect and

'-:“\

nv terms 9?,;

“gﬂdlpplng laye:‘model. fJf"‘J"urom the 1terat1ve 1nvet51on';

are | 1ncluded @m table~5 1'\‘7
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“Tableés‘s‘ Results from iteraiive invéféidn of '~
f1eld w1de angle reflectlon tlmes 1n terms of f[rbﬁ¢.7
"arbltrarily dlppzng 1nterface model -

‘n\_
'

S

———.—-.—_-.__—..—.—...—-—.-—————__‘—__——————_——_—-——-—
. s ! .

T T Velocity 'De"pt;hf L Dlp An?le
~fﬁ “(km/s) o o {km) . (rad

'-Inztla’l ~:,16.-5,o‘o\,‘ © . 45,000 '_zj.ooo _ ST
© JoFinali. . 6.4747 .. . .49.950.° -  -0.047 . -
thesolut1on‘-0.697,’u"‘;l 0.962 - L 0,848 - ‘
.. Standard .. e oo 0 S
”“Dev1at1on ”‘0;151,"_.:“M 2, 003;. o 0e113
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5 Table 5 6 Inverted (x z) coordlnates of Moho

rface obtblned from PmP tﬁuvel,tlme data

‘ghown in flgure 4. 8 (dlstance unlts 1n kms)

' - . . - . Lo .
. . ) .“ﬁ,
kY : o R N s
- - . v . . ' A v

[ ' i '

| - INTERFACE UNIT g R
Initials 60.08,47.10 64.53, 47.25. 73.06, 47‘55
Final = 71.40,46,51 77.03,46.24. 88.11,45.70

R _.--__a—__...,——_..— ._—_._—.,..._—__._..—_—.__--.___——_._q___-._

W {INTERFACE UNIT # 2

' ____-_____;,____q________-_____-__-_______-_----

. Initial 77.44,47.70' 81.04,47.85 83.76,47.93
Final .. 67.26,44.21  70.61,44,49 .= 72.29,44.64 =

__-.,——____..__..__.__..._——;_._—_.._-..—_——_.—_-.; - o et -

v\_---_—a-_--_-________,________--__a____-____-__-

,;,Inltlal "88,5,48.09 * 91,46,48.19" . 95,618,48.34 )ﬁ;hﬁy
_ Final . ~93 8,45%02 .97, 07 45.06 - 101.65,45.1% .
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?‘Table 5. 7 Results.from 1terat1ve xnveqsxon of
\,COCRUST 1979 & 1981/f1rst arrzval traveI tzmes - )
(velocxty & th1ckness unxts hre 1n km/SV& km) i N
A . . ‘ . r-l , ’ ‘.' ..1 ,«: E ! .
N B £ . : , V f
- . . ' e j
- L
b i T '
* ) ﬁ.' te !
3. : !'“ "‘
' n LNt ¢
' N . '-r‘ | . ' ‘,.; : r
Layer - Model. Resolutxon Staﬁda:d
~N parameters (dlagonal),A Deviation s
\J . ! - - - - _ L
hraisiabenieie vt ittt e il hai e ) _———r ,d— .
‘ P veloclty o, . -
_______________________________ (P S S .

,,2.797u¢.;_‘-,l‘-‘ 1;oo.y:,-rii;ossop*.»%~ |
L07.393 )s'.i 0 .0.99 i ..1.49002
1,431 “[,A‘.‘:Oqsgﬁ Lo 1.180200 0 T
24,0007 .Qgg L 0.85 . 2.21000 o

]iThlckness (E) ‘; 7  f{ﬁ;;5f;ﬁ1"fo&gﬁ ‘wtf ?
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p;ofile (COCRUST 1iﬁe»C,‘1973) in southern Saskatchewan.
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‘Figﬁre 5.8 Inifi$1 and iﬁve:téﬂ'models for field data shown

in,figures-s\é & 5,7.



In crustal seismic s}yd1es linearized 1nvers1on may be

considered as’ an essential tool for data 1nterpretat10n and

.modeling. This technxque has been proven superxor(ff the.
convent1onal forward metheods 1n many respects. ‘Generally it

is ,able to extract greater or at “least equaI amount .of
- 5 . o

information from a givén»data set.” It also gives.resolutioh
4]

and quantxtatxve ercor estxmates 1nd1cat1ng the rellablllty

v, e

of the results produced

‘ It is well known 'that the 1nterpretatiom .of seismic
data remains incomplete w1thout 1nvolvin§ 'the amplitudesl
Therefore this study is an 1mportant &1rst step towards the"
use of quant1tat1ve ,ampl1tude 1nform;t1on in’ sexsmgc
modeling Examples u1th sxmple ‘structures aindicate Nthe;
. p0551b111ty of 1ncorporat1ng complex models-~inh future.
Chapters 4 and 5 may be consxde;ed as an xnitial"step‘
.towardS‘a'un;fled inversion scheme where both tra&el t1me

and amplitudeg‘ are -used_ for relatlvely compl1cated

structures. R o cLT ; i

We have shown that‘iv'" }'3'.',n" L

S

1. Parameterzzatlon ‘of the forward» seismic4 model “is

,conven1ent using Asymptotxc "R ay - Theory.rp Useful

\ - N

_parameters wh1ch contrlbute act1vely and effect1ve1y to )

‘the: response functlon - may be selected” t R reweal

Y

,1mportant phy51ca1 propert1es of. the medlum under study.}

=T |

2. Inversxon\'of quant1tat1ve amplltude 1nformat1on 1s

=¥

poss1ble wh1ch 1sk-1n pr1nc1ple,v a more rxgorous and

loglcal approach to . selsmlc 1nterpretat10n than 1s the °

o

v1sual waveform match1ng of synthet1c se1smograﬂs N

ot ..

" .y' N . R . - N . o B
) _ T v e SN I

NI : T . e SN



4,

N

6.

3

5..

7.

referrxng to the radial component sexsmograms.’

\ A

\ ' . '

Amplltude 1nform@txon in the vert1chl ' component;

seismograms may be used to reveal addxtxonal information

»such as shear wave veloc1t1es and densxtxes wlthout

4

Thé program. is efflcxent in handllng multxple layer

amplitude data, multxple‘ shot p01nts,, ,multxple
: , L [ ERY )
' . ' +

reflectlons and low® velocxty zones. S L

-

Mapplng of two- d1mens1bnal curved refdectors \s possxble

for the inversion of’wide angle reflect;on travel t1mes.f

Modellng Cint

¢

terms -oﬁ reallstlc Atwo d1men§10nal

: arbxtrarxly dxpp1ng reflectors is alSo, p0551ble' from'

llnearlzed 1nversxon adoptlng approprxate forward model'

. . , . R Y ‘-g‘ - . !
calculatlons.- : » R !
' ' SRS i

Analyt1cal calculatxons for the 'respchse“ function. and

‘its derxvatzves were preferred because of* thelr acturacy

and speed compared to the numer1ca1 calculatlons. ; ‘:'“

'
» [P . \ «

\
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where, . 2 ‘fJ~ l'.\ S
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+ (a,B,PsY* + 1Pzp 62q* * a2B1pP1P2P, )Bﬁ
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Bz O
- (A.20)
where,
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A2. Derivatives of Reflection Coefficient: . .
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A3. Derivhtives of Amplitude:

(A.41)

(5.42)

(A.43)

(A.44)f
J(A.45)‘

(A.46)

'Amplitudg function_in~terms of ref1ection'coefficient and

. geometrical “spreading can be written as
s

o 1R T ‘ ‘.‘_ ) L
A. L ) . R ‘ . N

where, ' ; , -, v

’

.d’e unit\vector tangent'fo the last ray segment.

L = geometrical/spreading. : . , X

\ \

,R"walza;|“zgaszaga . R : . '(3flaxef caséVfor

N

example) .
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gnd so on.... BRE - "
o " . .

Calculatlon of Travel Tlme for ' D1pp1ng Layer°

>
Y

The dlpplng layer modelacon51dered for the 1nvers1on of
fleld travel time data in Chapter 5 has been glven by Adach1

(1954). “The travel time express1on for, the direct prof1le

"(fxgure 8. 1) in case of an n-layer model 1s given by

/ ) v !

. p \ /
: f=1 o ' \ '
Ty .= & (Z“CQSQM +‘chosﬂm)/vh o -
#\xM;ose,co;(o,—e,) l.cos(&mﬁ- VAN ‘ (A.48)
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A5, Denvatyon ‘of Normal Equatronsf - Lo
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terms of (‘x}'zv-)" coor‘din‘at.:e's‘ by ‘édopting a suitable numerical

méthod. I o
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