AD-784 348

DETERMINATION OF pP AND sP DELAYS
FROM SEISMIC CODAS

Edward A. Page

ENSCO, Incorporated

Prepared for:

Air Force Technical Applications Center
Advanced Research Projects Agency

31 March 1974

DISTRIBUTED BY:

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151




16 Apelt 197) F234.7
DEPARTMENT OF DEFLNSE FORMS

F-200.1473 DD Formn 1475: Report Documentation Page

p| ! - T X

REPORT DOUCUKTNTATION PAGE BEPEn Crmstns t e, kM
N ICOETTIIL 1 oYY RCTRIBGN NG F RECI Nt S LATALOL mumBtn
8 ViVLE (end SoV01cle) O LYPL OF AEPOAT & PIAIOD COVIATD
Determination of pP and sP Final Report
delays from seismic codas ¢ PERTGRLaC CRG EreaT AuneEn
V. AuinGhje) 8 ConTRRCT oA ‘l-‘u_v wuMBCA(s)
l Edward Page F08606-74-C-0020
|' o [] r'ulou-|.c CRGOMIZOTiON WAL Anb ADLALSS to. :::’2'.':9'-‘:::.."-':u'.".'l”.' tain
ENSCO, INC.
8001 Forbes P1., Spfld., Va.

1. COMTAOLLISG OFPICE NouL 40 (1211419 13, A3POAT pavTe

alt) 3 arch 19
F 43" 23 ES I o 1abi 1 Ll March 1974
{’Jmo . Myl ,m(} h

.o,‘,'g...g sGt T AL O ADLAEYKIL citierent fram L-nn-lm«. Cthaey '3 33CUMTY CLASE (ol thle repert)
VELA Seismological Center
512 Mont gomery Street e, BFCLOVSFICOTIONTT - nCRADIWG
Alexandria, Virginja 22314 i

. OistROuTion STATEMENT (of thle Magor)

APPROVED TFOR PUBLIC RELEASIE.
{ DISTRILUTION UNLIMITED.

., CIITPIBUTION STATEMENTY (of 1o ersttect aniered in Bioch 3D, If &/fireens trem R opori)

)
. 15 LuPPLLUEARTARY ROTEY
N 2
1 1
13 ALY SDR_L (. ontinue an reverse ¢ide If Aocessary and (Seniily By bioch mamber)
‘ Seismic depth, depth phase, echo detection

0. ABITRALY (Comitrne wn rete oo oide Il nesevenry and (doniily By bisch Summber)

Work was performed to determine the feasibi-
lity of making significant improvements in

' seismic depth phase detection using statisti-
: cal sigral processing. The feasibility was
domonsh 1t(:d for a single event analy:zed at
B3~ JStadiind 3

DD “‘::"" 1473 sottiow0f taovitaossoLeTe

BECUMTY CLALNPICATIOR OF YRS PALL (Than (oo Bntened)

Reprodguced by

1 NATIONAL TECHNICAL
INFORMATION SERVICE

U § Department of Commerce
Springheld VA 22151

] -} F-200.1473 !

ARMED SERVICES PROCUREMENT REGULATION

/
g -




Norice of Visclaimey

The views and conclusions contained in this docunment
are those of the author and should not be interpreted as
necessarily representing the officiul policies, ecither
expressed or implied, of the Advanced Rescarch Projects
Agency, the Air Force Technical Applications Center, or
tibe U.S. govermmént.

(]

1




SUBJECT: Determination of pP and sP Delays From Seismic

Codas

REERL WHOOER No:oine. 2nciige s dubhris o s de VELA T/4710

gy ORINE Mlsunss dlesaoho et Soe st mindts 1620

WEREA PTROETEN COUl. o5 .00 issnnoetabs s stms s 4710

WESE OF COLETHBEROT . o505 0@ o mvi tcotswodmesD ENSCO, INC.

BTN HUMIETE . o001 0 vabh s b s oo o bh58E e F08606-74-C-0020

PRivctive Date off COREFUEE. . . .0 sibivabbidns 5 September 1973

R FE BN 4 6650 coi witi oo 6008 dne badk ot 6 August 1973 to
28 February 1974

SRR G COMBTRETL 5 oo o1 600 § HEn 08 Be mobod o $39,441

GENBERET ERPLTRIION DEE® o os o . cowgsne innite 28 February 1974

PRt SELOMEREE w04 6B vod shmvns vt bl 5o Edward A. Page

(703-569-9000)




TABLLE OF CONTENTS

1.0 INTRODUCTION

2.0 SEISMIC DEPTH PHASE DETECTION
2.1 Simplified Geophysical Mode?
2.2 Stochastic Stacking
2.3 Phasor Stacking

$.0 APPLICATION OF TECHNIQUES TO A
SEISMIC EVENT

3.1 Comparison of the New Depth Phase

Detection Techniques with the
Conventional Methods

3.2 Depth Phase Detection Using Com-
bined Datu from Several Stations

4.0 CONCLUSION

APPENDIX




» -.-.m,—‘,—.ﬂ-ﬂlﬁl—-ﬂmwh-v |

1.0 INTRODUCTION
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Tie objective of this rescarch effort was to determine

the feasibility of making significant improvements in seismic

depth phase detection using statistical signal processing tech-
niques developed at ENSCO, INC. Applications of these tech-

niques together with additional techniques developed in the

coursc of the investigation indicate significant depth phase J
? detection improvements are possible.

The primary interest in detecting seismic depth phases is
that good estimates of event depths can be obtained from the
(pP-P) and (sP-Pjarvival time differences. This type of deypth
determination is preferred over all other depth estimation pro-
cedures.,

At present, depth phase detection is usually performed by

f visual identification from the scismogram and is not successful

for many events. This type of detection uses only a very limited
: portion of the depth phase information contained in the seismo-

gran and is successful only when depth phascs are particularly

. strong. Even when depth phases are visually detected there can
: be substantial errors in the delay time estimates since they are
based on the identification of P, pP, and sP first movements.

A procedure which utilizes a larger portion of the D, pP and sP
waveforms would provide a more precise estimate.




To date, depth phase detection based on techniques such

as the auto-corrclation, cepstrum, etc. have also had limited
success. Although these techniques use more of the informa-
tion contained in the secismogram, detection commonly deterior-
ates rather than improves when more of the coda is used in the

analysis.

The statistical processing techniques which we have de-
veloped are bagsed on simple physical models and insure construc-
tive use of the depth phasce information contained in the entire

seismogram. Thesc new techniques are:

1. Stochastic stacking - this technique allows

for depth phase delay time variations along
the coda which are associated with the later

seismic arrivals.

2. Phase stacking - the consistency of the phase

difference between the direct and reflected
waves can be used to enhance depth phase de-

tection.

Recordings of a seismic event were analyzed at six sta-
tions using the new statistical techniques as well as several
of the conventional techniques. For the event analyzed, the
depth phascs were not visually apparent. The conventional sig-
nal processing techniques dotected the pP at one of the six

stations whereas the new techniques detected both the pP and sP

at onc station, and the pP at two others.
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It was also determined that by stochastically averaging
the data from several stations depth phases could be detected
that were not apparent from analysis of the data from any of
the individual stations.

The results based on this work indicate that these new
techniques could greatly increcase the frequency and accuracy

of the detection of scismic depth phase delay times.




2.0  SEISMIC DEPTH PHASE DETECTION

2.1 Simplified Geophysical Model

The simplified geophysical model illustrated in Figure 1,
can help indicate some of the problems associated with using
the entire record for seismic depth phase detection.

In general, a seismogram is constructed of seismic arri-
vals taking many different paths from source to receiver. The
first of these scismic arrivals is the direct P wave followed
by its associated reflected phases pP and sP, which arrive a-
long minimum time paths very similar to that of the P wave for

cvent depths of ~50 km or less. It is the arrival time differ-

ences of thesce first three arrivals which arc most uscful for
depth determination. (In Figure 2 arc examples of seismic re-

cordings for which the P, pP and sP phases are casily identified.)

At some later point in time seismic waves which reflect off the

core arrive as PcP, pPcP and sPcP phases.

Later yet (depending
on the event location) PP,

pPP and sPP phases will arrive. The
point here is that the seismogram is constructed of triplets of
arrivals from cach of the nany seismic p
ceiver,

aths from source to re-
In general the time delays within these triplets will

differ since the relative geometry of the paths within ecach
plet is different.

tri-
The consequence of this is that the depth

phase delay time will vary as a function of position along the

‘ coda. As an example, for a 40 km event at 45°, the pP-P delay
|
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Figure 2: Example Unfiltered Z-Component
Seismograms showing Initial Phases
(Bolivia Event 12:02:22 Z 19 July 1962)
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is ~11 sec. whereas the pPP-pp delay is ~10 scc. Adjusting
for these variations by use of travel time tables is not an
obvious proccdure since the relative strength of the various

overlapping phases and the event depth must be approximately
known.

To sec how such delay time variations can dcteriorate
depth phase detection, consider the cepstrum analysis of a
synthetic seis.wogram. The cepstrum is a near optimum echo
detector for Gaussian echoed signals in Gaussian noisc.(l’z)
In Figure 3 arc the cepstrums of synthetic seismograms for
cvents at 40 and 15 km depth; the horizontal axis is time in
scconds. The synthetic seismograms were generated by passing
white noise through a recursive digital filter having a band
pass typical for scismic arrvivals and adding this signal to
itself at delays T and Tz(corrcsponding to pP-P and sP-P).
The recursive digital filter was designed from the following
z-transform of a resonator with poles at z=re: JuwpT and

ada Zero
at q;

l—qz-1

H(z) =

(1-2r(coser)z-1 + 7 2'2)

For q=1 this gives zero gain at w=0 and a resonant re-
sponse with w. determining the resonant frequency and r
relating to the Q of the response. We used q=1, *=.9 and
wr=2n for the generation of the synthetic data with T being

the inverse of the sample rate.

[§%)
1
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In this simulation the delay times T and T, were

s constant throughout the secismogram and clear cepstral peaks
indicate the delays 3 and 1, for the 40 km case. Peaks
will also appear at many of the possible combinations of
arrival times (nT1 + mrz) where n and m are integers. In
the 15 km example it is apparent that interpretation of

these results should be done using the entire cepstrum
pattern.

S SN ———

If T and T, vary along the scismogram by times comparable
to the half widths of the cepstral peaks or greater, the pro-
minence of these peaks would be substantially reduced since their
amplitudes would be distributed over a range of delay time values.
To coupensate for this type of reduction in cepstral peak detec-

tion a stochastic stacking technique is used.
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2.2 Stochastic Stacking

A stochastic stacking technique can be used to increase
the detectability of a peak whose position can vary unpre-
dictably within a certain limited range. To see this, first
consider a sect of cepstrums calculated from consecutive time
scgments of a seismogram. If the depth phase delay time were
the same in cach segment, then by stacking (adding) these cep-
strums, the amplitudes of the stationary peaks would add wherec-
as the non-stationary peaks arising from origins other than the
depth phase delay times would average to some lesser amplitude
level. This is also true for the same calculation of a single
cepstrum of the entire seismogram,

By redefining the N cepstrum values X i=1,N to be

Vi * MAX (x5, =1 - 8/2, i=1%4/2)

for cach point i, and then by adding the y arrays one can in-
creasc detectability for cases in which the peak of interest
moves unpredictably within a window A. Figure 4 illustrates
this technique using synthetic data. Each of the top six arrays
are constructed of randow nuubers having values between 0 and 1.
A pcak (indicated by an arrow in Figure 4), defined by three
points having values .8, 1.2 and .8, is added to cach array, but
shifted on additional point to the right in cach array. The
result of adding thesc arrays (straight stacking) is shown and

it is seen that a clear detection of the pcak is not achieved

by ordinary stacking. llowever, if before adding, one redefines !

2-4
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these arrays as has been outlined, the results show that a
dramatic improvement in peak detection is achieved by using
this stochastic stacking procedure. (In Figure Al of the
appendix, one can compare this stochastic stacking procedure
with that of low pass filtering the arrays with a cutoff fre-
quency cqual to the inverse of the stochastic time window A,
It is scen that stochastic stacking and lincar filtering have
different effects on data.)

Thus, the stochastic stacking techrnique should be effec-
tive in detecting depth phase delay times since these delay

times vary as a function of position along the scismogram.

2.3 Phasor Stacking

Impressive improvenients in seismic depth phase d tection,
in addition to those gained by stochastic stacking, have been
obtained by using information concerning the phase difference
between the direct and reflected waves. To see how this tan
be achieved consider the steps involved in calculating the cep-
strun.

Consider the received signal F(t) to be the sum of the
direct wave f(t) and a single echo of reclative amplitude a,

"phase™ 8, and ccho delay time 1. F(t) can be written
] Y

F(t) = f(t) + o [f(t - 1) cos 0O + f“ (t - 1) sin 0]




Here f” represents the Hilbert transformation of f which cor-
responds to shifting cach Fourier component of f by w/2. The
bracketed expression then represents the signal f(t) having

cach of its Fourier components shifted by 6. This phasce shift

0 is the phase difference between the direct and reflected sig-

nal. For example, if the echo differed from the direct signal |
1 by only a change in sign, 0 would equal 7. '

ok The power spectrum of F(t) is,

. P(w) = p(w) [1 + az * la cos (wt - 6)]

for w 2 0 and with p(uw) being the power spectyum of f(t). As !
can be scen from the expression for P(w), the power spectrum
p(w) is modulated by a cosinusoidal function having frequency |
T and phase 6. Taking the complex spectrum of P(w) one would
then obtain a peak at lag 7 which would have phase 6. There-
fore one can assign a phase 6 to cach point of the cepstrum
which is calculated by taking the pcwer spectrum of log P(w).(z)

To sce how this phasc information can aid in depth phase
detection consider events at ~50 km or less. For such cvents
the direct and reflected phases (e.g., PcP, pPcP, sPcP) travel
similar paths once outside the vicinity of the event. It is
then reaso) able to assume that the dirvect and reflected phases

would undergo similar reflections, distortions, etc. once away

from the source region and whatever phase relationship they had

cmerging f{rom the source region would tend to be preserved in




route to the recciver. 1f the different reflected phases had

undergone similar phase shifts relative to the dircct waves,

the phasc of the depth phase cepstral peaks, calculated from
different portions of the sceismogram, should tend to be con-
stant within a possible = shiftgz) Spurious cepstral peaks not
rclated to the ccho delay times would have a more random phasec

as a function of which portion of the scismogran is analyzed.

These assumptions are recally just gencralizations of ideas
normally assumed about the direct and reflected waves. It is
common to consider the echo tn have a waveform similar to the
direct wave but having the same or different sign depending on
the angle of reflection and on the signs of the parts of the
radiation pattern that radiate the direct and the reflected
waves. This is cquivalent to saying there is a 0 or 7 phase
difference between the dirvect and reflected waves. What we have
done here is to gencralize this idea to include all phasc shifts
from 0 to 27 rather than just 0 and 7 and to use the consistency

of & + 7 throughout the scismogram to aid the depth phase detec-
tioi.

This phase consistency can be utilized by stacking cepstrum
phasor arrays and computing the anplitudes of the phasor sums.
By stacking thosc phosor arvays cepstral pecaks which have a con-
sistent phase 0 # 7 throughout the stack can become dominant
cven though their amplitude sums are not. This effect will be
demonstrated in the analysis of the data. We also note that the

degree of phasce selectivity can be adjusted by the manner in

which the phasors are summed.




Event and Station Locations
Figure 5
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3.0 APPLICATION OF TECHNIQUES TO A SEISMIC EVENT

Analysis was performed on seismic data recorded at six
stations for a single event using these new depth phase de-
tection techniques as well as scveral of the conventional
analysis techniques. The event chc.en was the Andreanof Is-
land Earthquake of 22/11/65 (origi:. 2025 31.1, 51.4 N,

1797 W, my, = 5.9, sample rate = 20 sps). The map of Figure
5 indicates the event location and the six LRSM stations from

which the seismic recordings were analyzed.

C§GS reported this event to have a depth of 40 km from
location fit estimates and the results of our analysis agree
with this depth estimate. However, the analysis by SDL
("The Long Shot Experiment'),SDL Report 234, Vol. II,
page 51) concludes that, '"... The visual analysis of the
LRSM records across North America for the 22 November 1965
event revealed a depth phase pP which was consistent from
station to station and which resulted in a depth calcula-
tion of approximately 20 km,...'". If one inspects the re-
cords used for this analysis (Fig. 5a) one sees that this
is not at all an obvious conclusion. In Figure 5a the dotted
lines indicate the approximate positions for pP for an event
at 20 km and pP and sP for an event at 40 km. TFrom these

records it would be difficult to make conclusions concerning
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any of the depths. However, if one considers the Bolivian
Event (Figure 2) to be a good examjle of the wave forms

T received when the depth phases are clearly identifiable,

: then the records of HV-MA and MN-NV (Figure 5a) would be
the most suggestive indication of depth phases and these
would be in agreement with the 40 km depth estimate.

f The scismograms we analyzed are plotted in Figure 6
and show a good signal to noise ratio ecventhough the depth
phascs are not visually apparent.

Analysis was done using the following methods:

1. Cepstrum of the direct arrival portion of the
scismogram (1lst - 25.6 sec.)

2. Cepstrum of a "4 min. portion of the secismogram
3. Stacked cepstrums (9 - 25.6 second samples)

4. Stochastic stacked cepstrums (9 - 25.6 secc.
samples)

5. Stochastic cepstrum phasor stack (9 - 25.6 second

samples)
. Additional methods used for the comparison of low pass
l filtering to stochastic windowing were:

,l 6. Stacked auto-correlation functions of low pass
filtered data (9 - 25.6 second samples)

3-2
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7. Stacked cepstrum of low pass filtered data

(9 - 25.6 sccond samples)

The following stews used in the calculation of the cep-
strum were optimized using the synthetic data:

° Select N sampled (sample rate = 20 pts/scc)

amplitude values from the Mth portion of a
scismogram

By(nds n40, 1, oou, N-1

and add N zeroes to interpolate the spectrum

° Calculate the amplitude spectrum for positive

5. frequencices
-1
: 1 ’ -2minj/2N d
) AM(]) = N ZZ XM(n)c minj/ 1 TIPS T
n=0

1/2

with the Nyquist frequency = 10 Hz and i = (-1)

° Retain only the lower quarter of frequeniies
of the amplitude spectrum since there is very
little energy at frequencies above 2.5 H:. This

lecaves the array




-

(AM(J)’ J 5 -0) 1) s ey N/4'1)

Remove the mean and apply a cosinusoidal taper
to the first 10% and last 20% of the Ay array
giving the modified array

-

(AM (J)’ J = 0) 1) ¢ 00y N/4'1)

The 20% taper on the higher frequencies was uscd

to incrcase the de-emphasis of the higher fre-
quencies and was based on indications from other
works %) that the depth phase spectrum has a greater

similarity to the direct phase spectrum below
~1l.% Ms.

Add N/4 zcroes to interpolate the cepstrum giving
the array

(AM (J)) J x 0, 1, ololdh g N/Z'l)

AE this stage one would take the log of this

AM array to obtain the log cepstrum; but our
results show that by not using the log better
re ults were obtained and the results presented
inthis report were all obtained without use of
the log.

s

Calculate the Fourier Transform of the AM array.




.\ -2mijk/ (N/2)

where (FM(k), k=0,1, ..., N/4-1) are

complex numbers representing the positive fre-
quency spectrum of AM. One can now obtain the
amplitude and phase of each cepstrum point k.
The array

( |FM(k)|, k=20,1, ..., N/J4-1) is what we
refer to as the cepstrum amplitude and the com-

plex nuubers FM(R) are referred to as cepstrum
phasors.

To calculate the stochastic cepstrum stack, one
then calculates

By (k)| = Max ( [Fy(G) I, § = k-8/2, keb/2)

for each section M and then sums over the number
of sections (NS) used from a given seismogram
(A is the stochastic window width) giving




!

NS

Ck) = z EMSIRS
M= 1

where C(k) is the stochastic cepstrum stack and
WM is a weighting factor. chosen such that the
mean amplitude of each IFM(k)I array is cqual.

¢ To calculate the stochastic cepstrum phasor stack,
each FM(k) is replaced by FM(n) where n is the in-
dex of the Max value of |Fy(j)|1in the interval
j=k-4/2, k+4/2. Thcen the stochastic cepstrum
phasor stack is defined by

NS
CP (k)= Z Wy © Fy (k)
M=1

3.1 Comparison of the New Depth Phase Detcction Techniques

with the Conventional Methods

We will now compare the effectiveness of the various
techniques in detecting depth phases from recordings for
which they are not visually apparent. The data from all
six stations was processed in the identical fashion. In
Figure 7 arce the analysis vresults for the station MN-NV.
At the top of the figure is a plot of the first portion of
the scismogram. The next three plots are the cepstrums
calculated in the three conventional ways indicated. The
two vertical dotted lines mark the expected delay times
for the pP and sP phases for a 39 km deep cvent, the depth
we determined this event to be. Tor an cvent at ~60° thesc

delay times would be ~11.1 and ~15.8 respectively.
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In interpreting these cepstiums one sceks dominant peaks
at the appropriate delay times. In the cepstrum of the 1st -
25.6 scconds of data, a peak appcars at the sP time delay; how-
ever, it does not stand out from several of the other pecaks.
Similarly, dominant pecaks are not results obtained for the cep-
strum of ~4 min. of data and for the cepstrum stack consisting
of 9 - 25.6 second samples.

In the next plot down, we sce the positive cffects of the
stochastic stacking technique. The stochastic cepstrum stack
uses the identical cepstrums that were used 1n the cepstrum
stack plotted above, but by using this technique the peak at the
pP delay time ic the dominant pecak.

In achieving this the stochastic window was variced from
0. to 1.6 seconds where the results plotted are for a window
width of .8 seconds. The results of the stochastic stacking as
a function of the various time windows arc plotted in Figure 8,
We see that the best results are obtained using the windows in
the range of .8 and 1.2 seconds. This window width range gave
the best resuits for all stations, and is in agreement with the
maximum delay time variation expected. That being the (pP-P) -
(pPP-PP) difference of ~1 sec. Thus, it may be possible to
estimate what window to use for a given cvent. (Figure A2 of
the appendix shows another example of the effect different sto-
chastic window widths have for the station EN-MO.)

In the stochastic cepstrum phasor stack, shown in the

bottom plot, cach point of the cepstrum was represcented by a

phasor and the amplitude of the stochastic cepstrum phasor sum }

was plotted. This technique was not cffective for this

station for recasons to be discussed.
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Next consider the results for HN-ME shown in Figure 9.
llere again the first threce conventional cepstrums analysis
techniques did not produce dominant pecaks at cither of the
expected pP and sP delay times. In this casc the addition of
stochastic stacking w's not enough to improve on the normal
techniques. lowever, here the combination of the phasor tech-
nique with the stochastic stacking resulted in the detection
of peaks at both pP and sP delay times. (The phasor stacking
gave these results only when used with the stochastic window-
ing.) In fact the entire cepstrum pattern of the stochastic
cepstrum phasor stuck is in agreement with the cepstrum (bot-
tom plot) calculated from a synthctic scismogram for this
event. The single station analysis, giving the entire cepstrum
pattern cxpected for an cvent at ~39 km, is by itself extremely
strong cvidence for an event at this depth. We will sce that
these results are in agrcement with the other depth determina-

tions to bhe discussed.

The reason the phasor techniques failed using data from
MN-NV is now understood. As was discussed in Section 2.3, there
is the possibility of the phase difference 6 to change by =
along the coda. ® This was, in fact, observed in examination
of the phase as a function of position along the coda. The
phasor stack was then changed to constructively add phasors =
out of phase and a detection comparable to the stochastic stack

of MN-NV was achicved.

The amplitude of the individual cepstrum phasor arrays for
HN-ME is plotted in Figurc 10. Consider the peak at the sP de-
lay time in the bottom plot of the phasor array sums. By in-

specting the amplitudes at this delay time for cach of the 9
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comnhonent cepstruns, oné does not sce evidence of a pceak.
This is dramatic cvidence of how the phase information can
aid in detection; for in this case it is the consistency of
the phase of these phasors and not their amplitudes which
give rise to a dominant peak in the phasor summation. This
technique shows grecat promise and should be investigated fur-
ther. Modifications such as increasing the phase sclectivity

can casily be worked into this technique.

In Figure 11 the results for EN-MO are plotted. TFor this
station there is no indication of a depth phase at the expected
delay time from either the visual or conventional methods shown
in Figure 11. (In Figure A-6 are plotted 14 consecutive 25.6
second cepstrums for EN-MO.) Only the stochastic cepstrum
stack and the stochastic cepstrum phasor stack give a dominant
peak at the pP delay time.

In Figures 12-14 are results for stations HV-MA, KN-UT,
and JP-AT, which lie in the Rocky Mountains. Depth phase de-
tection was not successful at these stations using any of the

methods.

A summary of the results for the individual station ana-
lysis are scen in Figures 15 and 16. In Figure 15 are the
results for all six stations using mecthods 1 and 3. There 1is
little evidence of dominant pecaks appcaring at the expected
delay times. Figure 16 summarizes the results of the stochas-
tic stacking uand stochastic phasor stacking techniques. lHere,

although not overwhelming

O

is evidence developing for a depth

phase detection.
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In Figure A3 of the appendix are plotted the auto-
' corrclations of the low bass filtered (cutoff frequency is
equal to the inverse of the stochastic time window) seis-
wograms for five of the stations. To calculate these auto-

correlations the N sampled amplitude Valucs(XM(n),(n=0’1’
.» N-1) were low pass filtered using a running average,

K
XgG) = = Y x0-w
TITR ~ A

where K is set at 10 such that the cut off frequency is
approximately equal to the inverse of the stochastic time
wind w. N zeroes were then added to Xé to avoid wrap around
problems and the correlation function CM(k) for positive
lags was then calculated from

2
2N-1
. # -2miin/2N| .
PyG) = | D Xy (n) e 2THINMANL g1, L, 2N
n=0
2N-1
. -2miik/2N
CCy (k)= fi 25 Py(3) e °™H /28 %=0,1,...,N-1
j=0
NS
Cy (k) = zz o) " Wy k=0,1,...,51
M=1
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In Figure A4 of the .appendix arc plotted the cep-
strum stack of the low pass filtered scismograms, where
a pP detection similar to the onc obtained by the stochastic
techniques is apparent for MN-NV. This is the only casec in
which onc of the conventional techniques gave risc to a
dominant peak at an expected delay time. For this case
low pass filtering had much the same effect as the stochastic
windowing. Figurc A5 of the appendix shows the combined
best results of methods 4 and 5. Also tried but not plotted
was analysis using low pass filtered data with the phasor
technique without using stochastic stacking. This method
was not successful for any of the six stations.

Summarizing the results of all methods discussed so far,
depth phasc dectection was achieved at three of the six stations
(one of which gave both pP and sP) using the new techniques,
whercas the conventional methods achicved pP detection at one

station.

3.2 Dbepth Phasc Detection Using Combined Data from Scveral

Stations

Next we show how further improvcments in depth phasc de-
tectior can be achieved by using the combined data of scveral

stations.

Return to ligurec 16 where onc observes that for sta-
tions HIV-MA, MN-NV, KN-NT, pP is detected at only MN-NV and

sP is not detected at any of these stations using stochas-

tic stacking. Tor cach of these ctations we calculated




an cqual number of cerstrums from consccutive 25.6 sccond
portions of the scismograms. In Figure 17 arec the results

of stochastically averaging these cepstrums of these sta-

tions using different coda lengths (the trend has been re-

moved from the averaged cepstrum plotted). These three sta-
tions are at approximately the same distance from the event
(~45°). We note a clecar detection of bcth the pP and s? delay
times when 5.0 minutes of the codas is used. Also, note that
the detection of pP and sP improves as more of the information
contained in the coda is used. This is evidence that these sto-
chastic techniques are making constructive usc of the additional
seismic depth phase information contained in the coda. (Similar
results were obtained by stochastically stacking the cepstrum
phasors of the three stations.)

The results can be further improved with the addition of
the scismic data recorded at the stations EN-MO, and HN-ME. In
Figure 19 are the results of averaging data from the five sta-
tions HV-MA, MN-NV, KN-UT, EN-MO and IIN-ME using coda lengths
~2.5 and ~5.0 min. We obtain a clear detection of pP using
2.5 min. of the coda and by using 5.0 min. the sP detection be-
comes clear. But note that the two additional stations are at
62° and 66° compared with ~45° for the other three. The cepstral
peak position would therefore be expected to differ by ~.5 scc-
onds between the two sets of stations. Onc can adjust for these
station distance differences by shifting the cepstrums for EN-MO
and HN-ME by ~-.5 seconds before stacking., A further improve-

ment in clearity in the detection of pP and sP delay times 1is

then obsecrved {rom Figure 19.
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The results shown in Figurce 18 are very ecncouraging

since we have obtained an excellent detection of the pP

and a good detection of the sP delay times for an event in
which both the visual and the standard techniques, which

we investigated, gave ve,y little indication of the presence
of these phases. These results also give promise of signi-
ficant improvements in depth phase detection for small events
having poor signal to noisc ratios when these events are re-
corded at several stations. The stochastic averaging allows
one to make constructive use of information contained in the
codas recorded at different stations as well as different

portions of a given coda.
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4.0 CONCLUSION

This rescarch effort has been directed at determining
whether certain new statistical signal processing techniques,
applied to the entire scismogram, could significantly enhance
scismic depth phase detection. The new analysis techniques
allow onc to make constructive use of the additional depth
phasc information contained in the coda, rather than restrict-
ing the analysis to the first arrival portion of the scismogran.
Results of the analysis of a single cvent at six stations indi-
cates that major improvements in depth phasc detection are possi-
ble.

Two new techniques were introduced in the depth phasc ana-
lysis. The first of thesc techniques allows for depth phase
delay time variations associatcd with the later scismic arrivals
comprising the coda. The sccond of these techniques utilizes
the phase consistency between the direct and surface reflected
scismic arrivals.

For the cvent analyzed the depth phases were not visually
“dentifiable from the scismogram. Results of the cepstral ana-
lysis incorporating these two new techniques gave rise to domi-
nant cepstral peaks, for three of the six stations, which were
consistent with a 39 km deep event. At one of the stations the
entire cepstral pattern expected for a seismogram containing the

pP and sP arrivals was obtained. These results were compared
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with the analyses using several conventional depth phase
detection techniques including the cepstrum, stacked cep-
strums, auto-corrclations and low pass filtering the
seismograms before performing these analyses. One of
the conventional techniques gave rise to an indication
of the pP delay time at onc of the stations similar to
that obtained by the new techniques.

Results of stochastically averaging the data from
several stations demonstrated detection of depth phases
which werc not apparent from analysis at any of the in-
dividual stations. These results also clearly indicated
how the depth phase detection improved as more of the

coda was used in the analysis.

The new depth phase detection techniques have been
thus far applied to only a single event., The analysis
gave clcar indications of pP and sP delay times consis-
tent with a 39 km deep cvent and represented a major
improvement over conventional techniques for this casc,
however, the depth of this event was not considered to
have been conclusively established. The next rescarch
cffort should therefore be to apply these new techniques
to a suite of cvents having well establish~d depths and to

further develop these techniques using this data,
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Figure A-2 5-3
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