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The pr i m a r y  c on e  ep t  n y u  1 ved i n t h e  i m p  roved t e c h n  i qu es  i s t h e  Ut ii —

i z a t  ion of s ou r c e  d e p t h  i n f o r i n a t  i o n , c o n t a i n e d  t h r o u g hou t  t he  s e i s m i  -

co d8 , wh i c h h a s  p r e y  i ous 1 y ci  t h e r  been  i gnored  or i m p r o p e r l y  used
T h i s  i n f o r m a t i o n  w a s  u t i l i z e d  t h r o u g h t h e  c o m p u t a t i o n  of t r a v e l
t i m e s  f o r  t h i ~~ L i t e r  a r r i v i n g  s e i s m i c  p h a s e s  and  t h e  d e v e l o p m e n t  of

\ t e c h n i ques  t . h i c h  i m p r o v e  the  d e t e c t i o n  of t h e s e  l a t e r  p h a s e s .

The results of this research demonstrated that the automated source
dep th detcr~t i n a t i o n  p r o c e d u r e  constructivel y u t i l i z e s source  d ep th
information contained throug hout the seismograms , and thereby sig-
iific ant 1~’ en h a n c e s  source d e p t h  d e t e r m i n a t i o n s .  This was shown by
obtaining t h e  c o r r e c t  d e p t h  fo r  an event  t h r o u g h the separate anal)--
sis of the first and second m i n u t e  of data , verif ying the usefulness
of source depth information contained i n  t h e  l a t e r  s e i s m i c  p h a s e s .
~\ further ve rification of the effectiveness of this procedure was
achieved by obtaining correct depth estimates from data arriving

• throug h individual seismic phase s, and from data recorded at m di-
iidu al stations .~~

Dur i ng th i s con trac t , research was a l so  c o o r d i n a t e d  w h i c h  establish-
ed possible modifications to these techniques which should enhance
their effectiveness for events having s h a l l o w  source  d e p t h s .

$ICUfftT Y C LAS ~ Ir I C A r t o t 4  OF THIS PAI..I f W t ~.n D,ta I r,I.r’. t)
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1.0 INTRODUCTI ON

The ob ject ive of thi s r esearch was to formul ate sei sm i c
source depth determination teqhniques , d eve lop ed d u r i n g th i s
and two prev iou s con tr ac ts , into an automated analysis procedure.

The purpose is to substantially increase the percentage of events

for which ac cura te sourc e dep ths c an be d ete rm ined and to f a c i l i -
tate the analysis. In this procedure , the source depth is deter-

mined by the degre e to wh ich ceps trum pa tte rns , compu ted f rom
differen t portions of single or multistatio n seismic data , agre e
with those patterns expected for a g iv en source dep th. By auto-
ma t i c a l l y accounting for varia tions in the differential travel

t imes caused by different station locations and the presence

of later propagation modes , the dep th p h ase i n f o r m at ion con ta i n e d
throughout the seismograms contribute to this depth estimate.

Dur ing  th is  con tra ct , the log ic an~ al gori thms necess ary to
incorpor ate and au toma te the va r ious sourc e dep th an a l y s i s techn~-
ques were developed such that the seismic data and station to

source distances are specified to obtain this source depth estimate.

This work inc luded the developmen t of al gor i thms need ed to s tore
and access differentia’l travel times as a function of source depth

and s tat ion to s ource d is tances , for s ever a l d i f f e r e n t p ropaga t i on
modes.

The effectiveness of this automated source depth determination

procedure was demon stra ted through i ts app l ica t ion to the I l l i n o i s
Event. The results of this analysis showed that the depth phase
informa tion , con tained throughou t the se ismogr ams , was in  f ac t

1-1
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be ing constructiv el y utilized and thereb y enhanced the depth

estimate. This was shown by obtaining the correct depth for

this event through the separate analysis of the first and second

minute of data verif ying the usefulness of depth phase informa-

tion contained in the later seismic propagation modes. A further

v e r i f i c a t i o n  was a ch i eved  b y o b t a i n i n g  t h i s  dep th  e s t i m a t e
throug h the anal ysis of data arriving throug h in d iv idua l propa-
ga t ion modes.  In add it i on , it was shown that accurate depth

estimates could be obtained from the anal y s i s  o f da ta rec o rd ed
at single stations. The primary result of these analyses is that
un l ik e o ther an a l y s i s  p rocedur es , this automated seism ic source

depth determination procedure is utilizing depth phase information

contained throughout the seismograms and should allow one to

obtain accurate depth estimates for a higher percentage of events

then p rev iou s l y possible.

During this contract , research was a l so  con duc ted to inve sti-
gate the effecti’.re ness of these techni ques in determining depths

of shal low event ; and to determine what modifications would enhance

the analysis for this type of data. This research involved the

analys i s of bo th the Boxcar Ev ent and syn thes i zed  sha l l ow  dep th
da ta.

p

p
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2. 0 AUTOMATED SE I SMI C SOURCE 1) EPTII  ANALYS IS

In order to both enhance and automate seismic source depth

de te rmina ti ons , var i ous  techn i ques developed during this and two

previous contracts , were formulated into a computerized procedure

allowing the analyst to input seismic data and station to source

epicenter distances to obtain a source depth estimate. In this

procedure , the source depth is determined by the degree to w h i c h
cep st rum pa tterns , computed from different portions of multi or

single station seismic data , agree with those expected for a given

source depth . The variations in differential travel time caused

by the different station to source distances and the presence of

later propagation modes are both accounted for and allow depth

phase in forma t ion con ta ined throu ghout the seismogram to contribute

to this depth estimate.

2.1 Seismic Sourc e Depth Anal ysis Procedure

A pro to type of the se i smic sourc e dep th ana l ys i s pr oced u re i s
f l ow char ted in F igure 2.1. The input data consists of the seismic

da ta recorded over a sui te of s tat ions , the data sample length

(govern in g the max imum d i f f er ent ia l  del ay t ime observa b l e ) ,  the

leng th of coda to be analyz ed , the offset times between the start

of the data and the P-wave onset , and the station to source epicenter

d is tanc es .
I

The au tomated ana l y s i s  then proceed s to se l ec t a da ta samp l e
from a given station recording and coda position and a cepstrum

S

2-1
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and c ep s t r u m  m a t c h e d  f i l t e r  ( C M F )  o u t p u t  i s  t h e n  c o m p u t e d  f r o m
t h i s  d a t a  samp le (Appendix A and  A p p e n d i x  B g ive details of the

s teps  in c o m p u t i n g  t h e  c cp s t r u m  and  C~1F ) .  A f l o w  c h a r t  of  the

CMF is shown in  F i g u r e  2 . 2 .  Th e f i r st of a r a n g e  of t r i a l  source
depths is then selected. For this trial depth , and station to

source epicent er distance , the differential travel time for the

f o l l o w i n g  p r o p a g a t i o n  modes arc  a c c e s s e d  f r o m  c o m p u t e r  s t o r a g e :
pP -  P , P P — P , pPP- PP , PPP- P , pPPP-  PPP , PcP- P , and pPcP- PcP . From
the start and end time of the data samp le , it is then decided

w h i c h  p r o p a g a t i o n  modes w i l l  c o n t r i b u t e  to  t h e  C~1P output for this

p a r t i c u l a r  d a t a  sample , and at what surface reflected dela y tinic s.

The maximum CMF o u t p u t  w i t h i n  a g iven t i n e w i n d o -~ of this expected

de l ay  t i m e  is a c c u m u l a t e d  s e p a r a t e l y for each contri hut ing pro-

pagation mode. For this same data sample , the procedure is repeated

for each of the trial depths to he assu~ned . This completes the

analysis of this data samp le and the next sample is likewise

processed . For each trial depth the CMF output is accumulated

over the different data samples for each propagation mo de . The

accumulated CMF outputs for each propagation mode are then scaled

and summed such that each moth’ has equal contribution and the

final result is a plot of the cumulative C~1F output versus depth.

The cumulative CMF output versus depth for each propagation mode

is also available as an optional output.

p

I
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2.2 Acces s and Storage of Differential Travel Time Jnfoiu ~ : ion

In order to perform the automa ted sourc e dept h a n a ly s i s  one
needs to determine which seismic propagation modes have arrived

d u r i n g a given data sample and what are t he  differential travel

times between these arrivals and their associated surface reflec-

tions . For the even t d istances and depths of in teres t in this
work the following seismic propagation modes are involved: pP-P ,

PP-P , pPP-PP , pPPP-PPP , PPP-P , pPcP-PcP and PcP-P. The automated

analysis needs to access differential travel times for each of
these propagation modes over the range of d e p t h s  f rom 0 to 100 km

and over ep icenter distances of 100 to 9(0 to an accuracy of a
few tenths of a second in most cases.

The travel time diff erences were ob t ain ed by the a p p l i c a t ion

• of ray tracing Lsing the spherically syminetic isotrop ic earth

veloc ity model used for the BSSA seismological tables. A three

dimen sional polynominal surface represeni ation of the differential
travel time was used to facilitate computer access , reduce computor

$ storage load and to perform the neces sa ry interpol at ion of the
computed value’ . We now describe the procedure used for oh tai n in ,~
the represen tation of the differen tial travel times as a func tion
of source dep th and source to receiver distance for the following

• seismic propaga tion modes : pP-P , PP-P , pPP-PP , PPP-P , pPPP-PPP ,

PcP-P and pPcP-PcP.

I
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Case I: Surface Fi ts to pP-P , pPPP-PPP , pPP -PP , pPcP-PcP

An examination of Figure 2.1.1 suggests we represent these data

• as a doub le power series in which the travel time difference T

is the dependent variable and the depth d and epicenter distances

A are the independent variables. The surface of travel time

difference s is then giv en by

T(d,A ) = ~~~~

• The coeffici ents t . . and the number of them needed were determined
13

as follows . Each curve at cons tant A
~ 

was  found to he adequately

repr esen ted by a cubic  in d:

~~d ,A )  = T
l (A c)d 

+ T
7 (A )d2 + T (A )d

3

Here t vanish es at zero depth. The least squares values of t . ( A )

were then in turn ad jus ted to a power serie s in A :
N

= 

j O
J 

, i~ l ,2 ,3

Reliable inpu t data for A less than 10 0 were not ava ilab le , so no
attemp t was made to force t . ( A )  to vanish at zero epicenter distance.

Thus, our repre sentation should be used only for A>, 10°. All the
data sets of Case I can be represented by N=9. Examples of the

effectiveness of this representation arc shown in Figures 2 .1..2a
through 2.l.2d for pP-P , pPP-PP , ~PPP-PPP and nPcP-PcP.

p
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Each differential travel time surface considered in this

work , except those representing core reflections , exhibit an

unallowed reg ion , i.e. ,  there exists a range of epicenter distances

for which below a certain depth the surface reflected mode is not

received. The boundary of such a reg ion projected into t h e  (d , i.)
plane for pP-P is shown in Figure 2.1.3.

- pP-P
700
600
500
40°
30° d=a+h~~
20° a=32 .982
10° b=O.167 

~~~~~~~~~~~~ 

Una l lowed Re gio n
0 10 20 30 40 50 (40 70 80 90 100

d(km)

• Figure 2.1.3

These boundaries can be adequa tely repr esented by a par abola so
that our polynomial model is subject to the constraint that for

a g iven ~ we must have d < a+b~
2 , where a and b have b een deter-

mined from least square adjustments to plots like that of

Figure 2.1.3. In Figure 2.1.2 the unallowed region is shown as
asterisk table entries .

Case II: Line Fits to PP-P , PPP-P , PcP-P

These trave l time difference plots can be represented as single

curves depending on t~ only, s ince be tween S and 100 km , the dep th
dependence is very weak . Thus we have

2- 12



I

= T ( A)  =~~~~~ T 3
~~ 

-

j =0

The PP-P and PPP-P differences appear to vanish as A-~o , so for

these surves we set T 0 and also find N=8 is sufficient . For

PcP- P , the core ref lec tion insur es that T
0 + 0. Here N 6  is

suffic ient .

I
This polynomi al surface representation of the differential

travel t imes can be s tored using a total of 14 3 coeff i c ien ts and
r equ i r e s  less than  .02  seconds to compute  t hese  t i m e s  f o r  ei ght

p r o p a g a t i o n  modes on the CDC 6600 compu te r .

I
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3.0 A P P L I  C V I  J O N  OF 1 l i i i  .- \N AL YS I  S PROCEDURE TO TI lE ILLINOIS EVENT

In order to establish that this automated analysis procedure

was in fact constructivel y utilizing depth phase information

throughout the seismic coda ana thereb y enhancing one ’s abilit y

to extract accurate source depth estimates , the Illinois Event

was analyzed in several ways . Although depth phase delay times

c an he ob ta ined usi ng conven tio nal procedures for this even t

by demonstrating that these delay times can be obtained using

onl y the coda of the even t , individual s tat ions , data arriving

through individual propaga ti on modes , and portions of the data
for which convent ional analysis fails, we can demonstrate that

th i s  new procedure  ex tracts and proper ly in~~~ ;~ ~ts considerably

more dep th phase information then previous methods. The ability
• to acco~ap1ish this will enable seismic source depth determinations

for events having poorer signal/noise ratios and/or recorded at

fewer stations than was previously possible.

P In Figure 3.1 are plotted the first portion of the seismograms

recorded from the Illinois Event of 11/9/68. To appreciate ~~at

this automa ted analysis proc edure mus t accomp lis h consider Figur e
3.2. Here are plo tted 19 cepstrums computed from consecutive 12.8

• second data samples along the seismogram recorded at WIEYK. This

shows complex and chang ing cepstrum patterns , most of which contain

depth phase information which must be constructivel y utilized .

This is pr imarily acc omp lished us ing the ceps trum mat ched fil ter
• technique in conjunc t ion wi th differ ential trave l t ime informa ti on

for several propagation modes.

p
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• The I l 1 i n ~~is I :\ - ( - n t  was  first anal y zed using the f i r s t  two
m i n u t e s  of data recoi-ded at all six s tat i ens . The output of
the automated anal y sis is plotted in Fi gure  3 3  as cumulative

CMF output versus depth in km. The result is a very clear

• dominant peak indicating the correct source depth of ~~~~~~~ 2 Lm

for  this event . llowcvc- r , a more  i m p r e s s i v e -  r e s u l t  i s  seen in
Figure 3.-I . llerc the same anal ysis was performed using only the

second minute of data and again a clear detection of the event
p depth is obtained . Throug h the omission of the first minute of

data we have allowed only the later propaga t i on  modes ( P P , PPP ,

PcP) to contribute to this result and have clearly ~.-.-monstrated

that this analysis procedure is indeed constructivel y utili zing

• depth phase information normall y ignored.

Another way  of showing  t h a t  denth phase information , arriv-

ing in the  la t e r  seismic propag ation modes is c o n t r i b u t i n g  to t h e

* source depth est im ate , is to compute the Ct- F output versus depth

for  the  da t a  a r r i v i n g  from m d i  v idual pr lpag ation modes. In

Figure 3. Sa throug h 3. Sd ar e the analysi !. results for the P , PP ,
PPP and PcP modes m d i  vi dual iy processed using two min utes of dat •

• from each of six stations. In each of these plots a c le i r  detec-

tion of t h e  c o r r e c t  d e u t h  is o b t a i n e d .

The ability of this analysis procedure to utilize the

• differential travel times information of later propagation modes

has another important advantage. That is , a major improvement in
the ability to obtain seismic source depths from data recorded

at a sing le station. The reason is that norm a l l y one requir e s

that there be moveout in the depth phase delay times over a

suite of stations in order to be confident that the depth phase

has been detected. However , in this new anal ysis procedure ,
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d e p t h  phase d e l a y  t i m e  m oveou t  o c c u r s  a l o n g  the  coda , a s di fferi-nt
propagation modes contrib ute , as well as between stations . Thus ,

the final CMF output versus depth obtained from the anal y sis of

a data recorded at a given station , reflects the degree to ~h i ch
the various delay times are in agreement with a given source

dep th.

In Figure 3.6a through 3.6f are the CMF outputs , using one

minute of data , form the individual analysis of data recorded at

KN-UT , MN-NV , PGZBC , WII ZYK , NP-NT and FB-AK. As can h e seen f r o m
these figures , in all hu t the closest station KN-UT , the automat ed

ana l ys is procedure gives very good indications of a 2( km sourc

depth through the anal ysis of data recorded at an i n d i v i d u a l
station . Such a capabilit y is very Important since :;anv s m a l l
magn itude events will only be recorded on ve ry few stations.

From the analysis of the Illinois Event using th i s new auto-

ma ted se ismic source dep th det erm ina t ion pr oc edur e , all in d i ca ticn s

are that the concepts and techniques used in the anal ysis arc-

valid and that substantial increases in the percentage of dec-per

events ( — 5  km) for  wh ich  source depths  can be e s t a b l i s h e d  s h o u l d
be real ized.

In the nex t sec t ion we discuss the app l i c a b i l i ty of these
techniques to shallow events.
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4 . 0 SHALLOW SOIJRCE DLPfl l 1)ETEl~i I N.\1’IU\ US r ~ (; ( T P S T R U M  \\ \LYS I S

In  o rder  to ap p l y  c e p s t r u m  a n a l y s i s  to  the- p r o b l e m  of
determining delay times of surface reflected seismic energy for

shallo w source depths (<5 km) , one faces the problem of short

del ay times (<1 sc-c) relative to the available si gnal bandwidth

(.5-3 H z )  . As a c o n s e q u e n c e , the m od u la t  ion of the spectrum

contains less than a few cycles and becomes d ifficult to dis-

tinquish from the power spectrum of seismic arrivals not contain-

ing surface reflections.

In order to determine the effectiv eness of the automated

ana lysis and to shed some light on possible impro vc-nc- nts and

limits of ceps~ rum analysis for these shallow depths , we ana]v:e !

both real and synthesi zed seismic data. Th is includ ed the analsis

of the Boxcar Fvcnt , k n o w n  to he at a depth of 1 .12 km , and the

I lli n o i s  Event having a source denth of — 2(1 km ~or the purn ose o~
comp~i r i son - ‘lh i s anal vs i s w a s  done  us i i  g t he au om al eJ ana I ~ s i s

procedure modified fo r - short d e l ay  t m rne~ by the rem oval of sn~-c t a1

tapering and the ccpst rum matched filter (not e ffectiv e in its

present form for sha I low depths) and by increas i ng the interpo l a -

tion of t he  c e p s t r u m .

4.1 Analysis of the Boxcar Event

Anal ysis of the Boxcar Event was done using data recorded

at five stations having ep icenter distances of 15~~, 17 0
, 2 10

,

370 and 380. Seven 12.8 second consecutive data samples from

4-1



p

$ each s t a t i o n  r e c o r d i n g  were  used in the analysis. The first 50

seconds of these seismograms are p lotted in Figure 4.1 .la.

Fi gu re  -l - 1 .11) is a niot of the averaged amp ! i tude-

spectrum for the 35 Boxcar time samp les over the frequency

range 0-2 .5 1!:.

We see t h a t  we are  d e a l i n g  w i t h  a f a i  r l y  n a r r o w  h a n d  s i g n a l
which in effect can be considered to have a half cycle modulation

* in the amplitude spectrum . Figure -1.1. 2 is the plot of the cuinu-

iative CMF output versus depth in km resulting f r om the m o d i f i e d
automated analysis of the Boxcar Event . This result shows little

more than an in f lec tion in the vicin ity of the known de pth o f
1.12 km. However , if one computes the cepstrum using Maximu m

Ent ropy spectral analvs is for the trans form of the ampi i tude

spec t rum , the results of Figure 4.1.3 show a definite peak in

the 1.1 km range. This occurs since Max imuin Entrony

spectral analysis is known to be more effective at obtaining

magnitudes of f~equency components when less than a few cycles

are- present. One variable in this procedure is the filter length

w h i c h  we s e t t l e d  on 125 out of a sample containing 256 points.
p

The peak at 1.1 km appears to be a very encouraging result;

however , we must remember that the shape of the narrow band source

spectrum itself can introduce structure in the cepstrum at these

shor t delay t imes . We, therefore , perform ed the iden tica l ana 1~ sis

(using Maximum Entropy) on the Illinois Even t known to be at a
grea ter depth and having a somewhat similar amplitude spectrum

as seen in Figure 4.1.4. The result of this analysis , shown in
Fi gure 4.1.5 , shows an inflection at the 1.1 km depth range

and together with the results of the CMF output for the PP mode

seen in Figure 4.1.6 , one sees tha t the sp ec tral sha pe can indeed
introduce such features and the results of the Boxcar anal y s i s
must be interpreted with this in mind.
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Ave raged  Amp litude Spectrum

A (Boxcar Event)
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~ CMF Output
(Boxcar Evcnt)
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a

p
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Figures 4.1.7 and 1 .1. 8 show the results of the anal ysis

for  the  B o x c a r  and  Illinois Events (not using M aximum Entropy)

w i t h  the  dep th  a n a l y s  is carried out to 60 km and the mean of t h e
a m p l i t u d e  s p e c t r u m  r e m o v e d .  One n o t e s  the greater structure at

depths >10 km from the Illinois Event compared with these from

the Boxcar Event. One sees peaks at 25 km and 37 km corres pon ding

to the pP-P and sP-P time delays for the Illinois Event. (-rhe

sP-P delay shows up since the CMF was not used in the run and

this energ\’ was not folded back into the pP-P peak.) This addi-

tional structure may prove to he a discriminate for natural event

4.2 Determinat -jon of the Effectiveness of Ccpstrum Anal sis for

Shallow Source Depths Using Synthes ized Data

In order to de term i ne the ef f ec t ivene ss of the ceps t rum
• technique in determining depths for shallow events , seismo grams

were syn th e s i z e~L to simulate events having surface reflected

delay times of 1.5 , .7 5, .4 and .25 seconds corresponding to

dep ths of 5, 2 . 5 , 1.3 and .83 km for epi-:enter distances of -40°.

This was accompl ished by d e lay ing and su-nm ing Boxcar se ismo grams
to themselves (to insure realistic signal bandwidths in the syn-

thesized seismogram) at delays corresponding to given source

dep ths.

For each of the time delays used , seismogr ams wer e gener ated
for five stations each having seven coda pieces of 256 sample

poin ts. The automated source depth analysis procedure was used

to compute an average weighted cepstrum from this data. A

differen t ial ceps trum was als o compu ted by scaling and subtract-

ing from these ceps t rums the ceps t rums com puted fr om the s e ismo-
grams no t con taining the simula ted surface ref lec t ion. The
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subt  r a c t  ion technique has the advantage of rciiiov i ng those ceps trum

features wli ich are gene rated from the source w a v e  f o r m  alone.

A l t h o u g h  i t  i s  not  obvious that this techni que can be used w i th

real data it is usefu l in determining the lim itation s of the

cepstrum techni que for these situations. h owever , wi th additional

information such as surface shots and/or use of the theoretical

r e l a t i o n s h i p s  between w a v e f o r m s  g e n e r a t e d  at di fferent depths

and y i e l d s , such  a p r o c e d u r e  cou ld be e f f e c t i v e .

Fi gures 4.2 .la and 4.2.lh show the resulting averaged cop-

strum and averaged differential cepstrum for a time delay of 1.5

seconds. The peak at 1~~5 seconds i s  see n in both ccpstrums hu t

is much more evident in the differential cepstrum as can he

expected since the common cepstrum features have been removed ,

leaving on l y the feature due to the simulated surface reflection.

Fi gures 4.2 .2a ~nd 4.2.2h show similar i:lots for a time dela y of

.75 seconds. Here the advantage of the differential cepst rum

becomes obvious in giving a clear peak at .75 seconds versus on1~
an i n f l e c t ion i:~ the cepstrum computation. Figures 4.2.3a and

4.2. 3b show a c-use in w h i c h  the t ime lag has  been r educed  to . 1
seconds , where :here is no indication of the time lag in the

averaged cepstrum but is again very clear in the differential

cepstrum . Finally, we us ed a delay of .25 second s and plots of

• F igures  4 . 2 . 4 a  and 4 . 2 . 4 b  i n d i c a t e  that the differential ccpstrum

is still capable of detecting this time lag hut the si gnal/noise

ratio has greatl y deteriora ted; pr imar i ly a cons equenc e of the

short delay and bandlimited signal. The analyses of these syn-

• thesized seismograms were perfo rmed to indicate what one can

expec t fr om ceps tral ana lysi s for shallow depth phase detection
for realis t ic s i gnal bandwidths. A result of this research is

that one needs to develop techni ques which allow the estimation

of ccps trum fea tures or i g ina ting from the source waveform not
containing the surface reflection in order to detect delay times

of <1 second .
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Av eraged Cep~ t ( c o r n  uted from synthes i zed ~ i sniograms - -
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5.0 CONCLUSOON

During this contract , an automated teleseis inic source depth

determination analysis has been developed for c-vents having source

depths in the 50-200 km range , and was applied to seismic event

data. It was demonstrated that throug h this analysis , source
dep th inf orma tion con tained throughout the seismogram is hei n g

constructivel y utilized to obtain s o u r c e  depth estimates.

It was als o demons trated that this analysi s g ives correct source

dep ths from da ta rec orded at indiv idual s ta t ion s f or the

Illinois Even t. These capabilities should allow one to obtain

source de pt h s for  a con s id erab l y  hig her percentage of seismic

even ts .

Research was conduc ted to establis}~ possib 1’~ modificat ions

to the analysis which would enhance its effectiveness for events

having source depths less than 5 km. A result of this research

was that in order to use the ceps trum anal y s is appr oach f or
shallow even ts , techniques to de termine ceps trum feature s re sult-
ing from the direct seismic arrival (those not containing the

surf ace reflec ted arrival) need to be developed.

To es tablish the general app l i c a b i l ity and condi t ional
limitations of the source depth anal y s i s , a l a rge  set of events
mus t be analyzed. In addition , techniques to establish the

significance and estimated error in these depth determinations

should be included in the analysis procedure.
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APPENDIX A
COMPUTAT I ON OF CEPSTRIJM

The following steps are used to calculate the Stochasti c

Ccps trum for a seismogram consi st ing of NS cons ecu ti ve por t ions
each having N ampli tude va lues:

• Selec t N samp led ( sample ra te = 20 pts / sec)
ampl i tude va lu es f rom the ~1t1~ portion of a
seismc g ram

P

XM (fl) , n=0 , 1 , • . .,  N-i

and add N zeroes to interpolate the spectrum
P

• Calculate the amplitude spectrum for positive

frequencies using

2N-l

AM (j) = 

~~ 

XM (n)e 2
~ 

3/2N j=0 ,l ,..., N-i

with the Nyquist frequency = 10 Hz and i = (~ l) 1/2 .

• Retain only the lower quarter frequencies of

the amplitude spectrum since there is very
li tt le energy a t frequencies above 2 . 5  liz
for na tura l events. This leaves the array

A-i



P

(AM (j), j = 0, 1 , ... , N/ 4 - l )

• Remov e the mean and appl y a cosinusoidal taper

to the first 10% and last 20°c of the A~1 a r r a y
gi ving the modifi ed array

(AM ( j ) ,  j = 0, 1 , ..., NR- l) 
-

The 20% taper on the higher frequencies was used

to dc-emp hasize the hi gher  f r e quen ci es

• Add N/4 zeroes to interpolate the cepstrum g iving

• the array

(AM ( j ),  j = 0, 1, ..., N/2- l)

• At this stage one would take the log of this

A~ array to obtain the log ccpstrum ; hut by not

u sing  the lo g better results were obtained.

• Calcul ate the Fourier Transform of the A~ a r r ay

u s i n g

1 
~~2-1 - 2 - f fij k / ( N 12 )

FM(k) = 
N7 2. L 

AM (j)e

j =0

A -2
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where  ( F~1 (k) , k = 0, 1 , . . .,  N/4-l ) are

complex numbers representing the positive fre-

quency  s p e c t r u m  of A ,~ . One can now o b t a i n  the
a m p l i t u d e  and  phase of each ccpstrum p0i1~t k.
The arr ay

( F~1 (k) , k = 0 , 1 , . . . , N/4-l) is what we

is referred to as the cepstrum ~-mp1 itude and the

compl ex number s FM (k) are referre d to as ccpstrum

phasors.

• To calcul ate the stochastic cepstrum, one

then calcula tes

I I ’ M (k) I = Max ( I I~M
(j) , j = k-~ /2 , k+A/ 2)

for each section M and sums these over the number
of sections (NS) used from a g iven seismogram

(~~ is the s toch as t ic window w idth) . This gives

C(k) = 
~~~~ JFM (k)IW M
M= 1

where C(k) is the stochastic cepstrum and

WM is a weighting 
factor , chosen such that the

mean ampli tude of each IFM (k)J array is ecual.
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APPENDIX B

CEPSTRIJM M-\TCIIED F I LT I R ( ~-~i )

If one assumes that the cep str al peaks appearing at t h e

p P - P , sP-P and s P -p P t ime dela ys dominate the expected cep strum

pattern for an event , then one can formulate the C~ F algorithm

• in the following w a y .  C o n s i d e r  t h e  c e p s t r u m  to c o n s i s t  o f N
amplitude values CP(n) for the time delays tn

= (fl_ l)
~~

At 1 w h e r e
n = 1 ,2,3.. .N. Then the synthetic cepstrum (CS) expected for an

event at a give~i depth and distance corresponding to a pP-P delay

* time of -t- , can be repr esen ted b y :

CS(n ,T ,cL) = Q(n ,(a-l)t) + Q(n ,-r ) + Q(n ,-i -r)

• with nt T 5 p p / T p j t p~ and is the ratio of delay times for sP-P

and pP-P . Als o C. is defined by

Q(n ,-t) = 1 ; i f  - r-A t < t~~<-r
+
~~t

= 0 ; otherwise

Thus, CS is represented by three unit amplitude peaks located at

the sP-pP , pP-P , and sP-P delay times , each peak consisting of

three adjacent delay time points.

The CMF output at time delay -r is defined to he the maximum

zero lag correla tion of the computed cepstrum (CP) with the

synthesized cepstrum (CS) for a source depth having a pP-P dela y

time -r computed over a range of ratios c*. This can be written

as

B-i
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CMF (t) = Max CP (n) .LS (n ,i , and Ci~~~~~~~~~~~ I )~~)n 1

= CP(-r ) ; otherwise

Here , 
~~ 

and nt~~ are set from the expected range of values

for ~ fo r  a g iven range of possible depth s. Values of = 1 . 2 5

and 
~2 

= 1 .55 were used for the event distances and depth s encoun-

tered in this research. The c o n s t r a i n t s  i m p o s e d  require th at the

amplitude of the cepstrum peak at  -r m u s t  be a t  l ea s t  .7  t i m e s

the  amp l i t u d e  of t h e  c e p s t r u m  peaks  a t  b o t h  ci T and  (~~- l )  -

T h i s  e l i m i n a t e s  d e t e c t i o n  of c e p st r a l  p a t t e r n s  fo r  ca ses  in

which the st r e ng th o f the pP arrival is considerabl y less than

that of the sP arrival. Thus , a cepstrum peak at resulting

from a pP arrival for an event will not contribute to the C’IF

• output for an apparent event having an expected s P - P  dela time

of -r , without the si gnificant presence of a pP arrival for this

apparent event.

As an example of the application of this techni que , consider

Figure 1 . At the top of the figure is the cepst rum calculated

from an event of known depth having both the pP and sP depth

phases clearly identifiable. This cepstrum pattern is dominated

by three peaks correspond ing to the sP - pP , pP- P , and s P - P  d e l a y
t imes. Upon interpr eti ng this cep st rum for an unknown even t de pth ,

one sees that each of the three peaks has the possibility of

corresponding to the pP phase. The CMF output is plotted at the

bo tt om of Figure 1 and indi ca tes a much s tronger empha s is on the
peak corre sponding to the correct pP-P delay time for this event .

This resul t reflects the fact that this cepstrum pattern , p rimarily
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consisting of three peaks , is in strong agreement with the pattern

expec ted  for  a s i ng l e  even t  h a v i n g  th i s p P—P thl ay time. The

l e s se r  p r o b a b i l i t y  t h at  the  r e l a t i v e  l o c a t i o n  of t he se  t h r e e  I ) C a k s

was coincidental , and that one of t h e  ot h e r  two peaks  a c t u a l l y
cor responded  to t h e  cor rec t  p P - P  de l ay  t i m e , is indicated by the

presence of CMF output peaks at those delay times having reduced

amp lit udes.

P
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