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j. C Y OF THIS PAC, E

J i i ;usioi o1 coda encrZ oil t of the laver into the half space. P.\ 'oda is conpared to

coda trum deep teleseisms recorded at SCT (State College, PA) and it is seen that scattering

Sis :nort sc\,re at P.\S as reflected in higher coda levels and slower decay rate. A\,l'.sis

ort a nai,,r !'s conversion arriving 3 seconds after direct 1P indicates that a maiir crUfrtal

di:,continiit v at abou t 20 knm depth dips at high angles to the north under the San c;.Obriel

Mountains. Ihis intcrface probably represents the crustal tectonic boundary between tuL

r nsvcrsc rai,.e and the Los Angeles basin.
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R!ep' ort Summa ry

'V The general obje- tive of this research is to understand the
actr3, important in shaping the seismic signature (-f smal l

o_-r recorded -it lo,_.al and regional distances. Speciri._ +Jrt,,"
tiresr i) the identification of deterministic aspects of the
wavefieid from small earthquakes and explosions to allow the
• ih:re-n.ie cf source depth and other source parameters, and -) to
understand the effects of scattering and lithospheric heteroge-
i.er, v on the propagati on of high frequency regional phases. The
*.,mbiried analysis cf deterministic" and stochastic" wave propa-

' caticri effects is required to unravel the complexity of regional
0chase; f,,r the purpo:es of event discrimination.

i Tehnical Problem

Regional phases from small events are affected by complex
Ltera.tions between source radiation and wave propagation
efftects due to structure in the crust arid upper mantle. Because
observations are confined to the high frequency band (>. hz),
"ihospheric heterogeneity becomes important in shaping high
frequency regional phases. Typical wave lengths are much shorter
than the total travel path and are comparable to known geologic
tructure.

An aspect of the problem of regional wave propagation is
examined here involving the nature of coda associated with major
arrivals. Simple wholespace scattering models are often applied
t,) the coda of regional S phases to deduce scattering or anelas-
tic attenuation. The level and amplitude decay of coda is a
characteristic of the data which seems to be robust for particu-
lar regions and can be used to deduce source magnitude, once cal
ibrateo, Factors affecting the level of scattering near the
source and near the receiver are also obviously important in
yield e.stimation problems and waveform modeling for source par-
ameters. It is important, therefore, to investigate the major
assumrzions contained in these wholespace models and to determine
which are 9ppropriate. This was done by simplifying the wave

0 propac:tior, regime of a source in a scattering medium to that of
the plane wave incident to heterogeneous structure under a
receiver. Observed coda in broad-band teleseismic receiver func-
tions was simulated through computation of synthetic seismograms
for lD sto, hastic structures and through the construction of
energy flux models for wave propagation in a scattering layer
ov .r a honogene.)us halfspace. The results suggest that the gross
Fe.-.m-try )f the scatterers is very imprrtant. to the problem of

,i:, rie:cynd .oda level and that wholespace models signifi--
% ,-,t ly ni:-iepresent the coda.

noe r - MhodolIogy

Vt;u.il uand ,l dta frrom deep eartiquakes recorded at the sta-
tir.-. fA F ' s;dena ....- A) and SC' (State College, PA) were ana-
Sy-i,-t rm a point, view th-t, the -coda behind direct P wa:s due t.o

V
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wave scattering in a heterogeneous medium under the resptiv.:
receivers. The data at PAS written by simple, de.ep
eairthquakes show very complex, high amplitude, and long duratiai
coda An analysis of F's conversions in the first 10 se-,,rds c:
the waveforms shows that structure under the s tatin is three
dimensional since significant particle motic,ns ,ccur ,ut, of th'
sagittal plane of the ray- Of interest to this 1iszussion is
the nature of scattering induced by complex structure arid th'e
f,ormation of P coda.

Plane layered stochastic structure models were constructed
,ising a random number generator with an exponential spatial cor
relation function and a correlation length of I km (e.g., Fran-
kel and Clayton, 1986). This was done to explcre the degree cf
iD heterogeneity required to mimic the observed data. Synthetic
seismograms for an incident 1P plane wave under the randomly
layered models were constructed using the Thompson-Haskell tech-
nique.

An energy flux model was developed toc the plane wave
response of a scattering layer over a homogeneous halfspace.
This was done to explain aspects of the ID simuLations as well as

* parameterizing the receiver function data. The major assumptions
in the model are based on conservation of energy, homogeneity of
the coda field within the layer and leakage of coda energy into
the halfspace following a simple diffusion law. Justification
for these assumptions are based on published numerical exper-
iments (Frankel and Wennerberg, 1987) and observations of coda
bhavior in small regional earthquakes (Aki and Chouet, 1975;
Dainty and Toksoz, 1977).

Technical Results

Summarizing the derivation, the coda amplitude is given by

A-- e+ td/ 2 Qs ( I - e-' 2 td/s ) e-
.____A /t- (1)

vhere,

I D integral of the squared velocity of direct P

td -h/a

h layer thickness

z F wave ve' -cily

: ircular frequercy

y diffusion constant for- layer boundary.

* vi
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E:quation (, 1 ) 'hcws tha::t f or the i nci dent plane wave, the ti me
dept~rtderict of thecd is controll1ed ent irely by the dif fuision
constant of coda -nergy diffusing ''ut, of the -layer into the half-
space. Wholespact! ene ,rgy flux models have3 c-oda decay czontrol led
by the expansion of the volume behind the wavefront. Single
scattering models ha-ve decay control l-t-d by scattering 0. The
th -ory predicts the formn of coda decay seen in data and stochas
tic- simulations quite accurately. Coda decay in wholespace mod

tIi5 only a ros-i t *:tf scattering o)r anel asIEtic .- ttenuatik on.

Imzcrtant Fin-dingjaid Conclusion

Analysis :)f 2coda in teieseisic receiver functions suggests
tha.,- t+,7re are o)ther mechanisms which control the formation arid
Ae .3y if F-at ttered coawaves which are separate from intrinsi o
71f -Scattering att-nuat ion. In particular, the simple geometry c~f
ar, elsatic s-attering layer over halfspace produces coda decay
whic:h wrotild he interpreted as an attenuation effect but is due to
the ,imnple redistribhution of scattered energy from the layer to
the- halfspace. Such effect~s can be studied first by analyzing
coda fi-om te-leseismic events -at a rec-eiver or array and then
-applvine the parameters of the layer model to an appropriate
ene'-rgy flux model for a source contained within the layer.

Sigpificant, Hardware Development

N/

.~ci alI Comments

N/A

_LT.Rications for Further Research

Scattering Qj models are based on a number of assumptions con-
cerring the distributionr of the reservoir of energy contained in
the s-attered field. Further research will concentrate on com-

0 bined application of telezseismic scattering determiniations and
regio-nal phasem s.cattering. This combined analysis may offer con-
staint.s on scattering physics not obtainable by analysis of each
oatsa set. alone. ResuLts of this research will have important
implicaftiojnf on s7tudies of regional phase propagation, discrimi-

nation~ -tsml e its, and yield estimation problems.
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S-\ ira, t

] lesei>m!: reCei\ r tun tion , 1'(r structure under PAS (PAS .' nl, i \ at e

-'I\ 0,/ !'o 1 a-1n uth:Ild\ -distributed t-lO.s,,ismic P wYJ, tS retCord ,n I

::s:tr ~;i tation. T Ih road-and hI ce-conponent Bl enl t 1 -' , ,, - WO s 1

O nQ s - porlud and allows resolution f major crutal intcr I.az- r,,n , ric

, oI, e IoSio11S seen in tfe n.....'Cr ti.un,. t a. The h k ct\ c , N v :U I 2' t

-re quite complex showing exceptionally large Ps conversions and sca:tt-ered wYA\Cs

on horizontal components. Radial and tangential motions are of equal magnitude

a nd shc'x ma or off-azimuth converted Ps aye. suggesting large scale crustal

heterogeneity beneath the station. Stochastic simulations of I D plane layered

structure show that geologically unreasonable ID models are required to fit the

* data The observed ccda decay vields a scattering Q estimte of 239 at sec

-period using an enery fiux model for a propagating plane wave interacting with

- scattering layer over a homogeneous halfspace. Observed and synthetic coda

decay follows the theoretical exponential decay predicted by the model and is

due entirely to diffusion of coda energy out of the layer into the halfspace.

PAS coda is compared to coda from deep teleseisms recorded at SCP (State

College, PA) and it is seen that scattering is more severe at PAS as reflected

in higher coda levels and slower decay rate. Analysis of a major Ps conversion

arriving 3 seconds after direct P indicates that a major crustal discontinutty at

* about 20 km depth dips a t high angles to the north under the San Gabrel

un Mountains. This interface probably represents the crustal tectonic boundary

V between the Transverse ranges and the Los Angeles basin.

• -2-
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ihe :injlvsis (,! teleet'ilic rtC:eI\tr function re ie.ent- :in iwCxp flCn i\ e and

,,,n e Wient wa\ of imaging mnialr ctustil and upper milantle diIcInmLnuitiel under

i..lat ed re:e i\ ers. I he tracl mi % i\t' of ItruCtUre unde r a three - compontM

senisometer is inferred from, thit timing and amplitude of P. conversions seen on

,r: : ti.tl round minns and is modeled to determ inc the lo ation and veloci>t

. .ts of th' catusII \ e interface, (Burdick and Laneston, 1 -7 ,, nJw slon, lO7' •

-CIS4 The technique has been particulkrlv useful In lare scale

.S[u: -7_ <.',1,n s usin lone -period hod' waves (e.g... Burdick and Laingston. 19771

ian,:cton and Isaics. I %SI Hebert and Lanpston. 1985) to determine average

:ruat thickness and is increasingly being applied to broad-band, high-frequency

data to obtain more resolution oi, structure (Owens, 1984: Owens et al. 1984;0

"s-

One of the inevitable trade-offs in using higher frequency data is increased

sen:ti iv to lateral heterogeneity in crustal structure. In one sense, this is

6 esirable since a goal of such studies is to determine as much information about

structure under the receiver as possible, However, it is also obvious that the

\wave field is severely spatially aliased through observations made at only a

single surface point. Imaging procedures implicitely rely on modeling assumptions

* such as plane layering or. at most, simple curved interfaces. It is often

observed that much of the wavefield is inaccessable to rational explanation

a Ig simple modeling techniques (Langston, 1979; Owens et a,1987). For example,

receve:r function data often display anomalous wave behavior such as P-wave

• -particl- motions which have significant tangential amplitudes.

A purpose of this paper is to examine strategies of treatment of broad-band

receiker function data which take into account both stochastic and deterministic

scattering effects due to heterogeneous structure. Structure under the station

PAS (Pasadena, California) will be the focus of this effort. This station lies in
%

* -3-
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tI 'm at Jel rth T C C UI t > *.in2 ~i~ i .: ; i t r. ith , id I t1

k:Ie: h ,, I,.e tt' e it P2 :' t;.. [1as id: q L tt 11 t rI 't ri, I nth Iv, ,,n i u

.u e i ' ferred n \Crtod wa.e a n.i the duration oI s! i n .

It thi p- er, the rtu e eiver func"ion data w ill be examir, ed from to po int n

ew. The First i i from the standard method of treating the data to infer maor

',C 2::; diswntiauiieK under the station usin.- "determinisic" aspects of the

e, data and Iimple \e!ccitv models. Ps conversions from teleseismic P

.a, aTe tounA ,o unusaih" large and are used to suggest :he existence of

?:? 1 venoctv cotrast interface in the lower crust which dips to the north

jn:.. ne Sa- Gabriei Niountains.

The ccher ,oint ots view is to -eat the data as resulting from an unknown

__. pn 7 ss an' to attempt to infer the sev'rity of wave scattering

:' e _:a:ion. Using simple measures of the P coda amplitude decay along
wV,,t r) ~t, chastic structure simulations, the question is asked: Are the data

-,

.. ,.. s:arterinQ due to reasonable plane lavered structure? The

.- e answr for P.-S suggests that such an analysis can be generally used

n,- ,: not usti,, a research effort in modeling data with simple plane

srutue models. The severity of observed scattering under PAS also

p .,ats out defecien:ie in some simple scattering models and the need to develop

apopriate models for and 3D stochastic structures.

*&&,%A A- -



P \S statiwn has tben if. pTeratlI s.nce the mid- IQ-O's and ha,, had a ful

, ;:meIt'Tlt tif et'perIIInIaI lne- and shori-period instru men ait:, C_, interelt

t ths ,uJ'. are the . Q0 i (Seis mometer Period = I svc, Gal onometer

'ec': an!. t. ,i IC e extent, the Press- Ewing 30-90 systems. The,

. st: is po'; K I 1 se'c period but records across a wide

1.J, 1,I Ind ccmpar lt",t the intermediate-period DW\VWSSN passband (see

.\,;:nd i', Its nominl ma n i"ication of 3000 has allowed routine recording of

m , ru, hout its e\:stence. Although the data are recorded in analog

photo, raphic format, the broad passband of the instrument potentially allows for

5inif,,ant "ime resolution of crustal Ps conversions. This potential, in

mi,: xn with !he recognized complexity of the receiver signal (Langston, 1977)

-as \%eli as umesual te,:toni, problems associated with the Transverse Ranges

Pr':ince of Southern Caiifrnia, motivates the present stud' of crustal

structure under the reeei\er.

P.AS station (Figure i) lies near the southern boundary of the Transverse

Ranges Provin-e and the Los Angeles Basin - Peninsular Range Province. Geologic

structure of the upper crust is known to be quite complex with major active

faults separating regions of diverse rock type. For example, crystalline rocks of

the San Gab<riel Mountains a few kilometers nortm of PAS abut valley sediments

* that a:,ain depths of up to 10 kilometers in the center of the Los Angeles Basin

(Yerkes et al. 1965). The geolog\ of the Transverse Ranges and the San Gabriel

Mountains, in particular, suggests that much of the range is allochthonous being

thrust over younger rocks of the Peninsular Range Province.

Hadley and Kanamori(1977) review a number of long-range refraction and

travei time studies for the area and show that the Transverse Ranges are a

locus of both upper mantle and crustal velocity anomalies. Using the Southern

California Seismic Network, P delays from a PKIKP phase outlined an east-west

* r
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t111 2I ..:n 1 0 ::i. .~,o ai I '1 K

.... , Ot I:\ on l rlt I Q i1:etv I.,et rniorcplatus rnakinp ulp the San Andreaq

t 1 1'; ea I thi, :"mdl.rper c rust-il nlic ron ia-_ rn oveinent 'are decoup[led

a . -- u~t and l pc ma ;ntle xtrucw Ures vIt h th liresult hat th il,-surface

CpCion , the San Ardrcas fault iS offseT bv\a mnd-crUMZtal hori71ntal shear

!oeIron the faul o t depth

* The, i"rnaserse Ransare -lo locuc of change in --usta structure

"eeen th- we-ter Peninsular Ranges - Los Angeles Basin and the Mojave Block

tohe e a st Hadle\ and Kananrr (1977) suggest that a high-velocit lower

l-ay oer cc mprise5 about nalf ,f the --rust in the Peninsular Ranges but

terton!%v a few kilometers ;n the Mojave Block. Tomographic study of Pg

3r- 1In waxes in So-uthern California (Hqearn and Clayton. 1986a:b) support this

sL~ncti 1, y showing eraverage velocities in the Iojae BloI relative to

-~- to.- ta est Cruztal thickness from long-range refraction (H-adley and

kananrri.9-7) and time-term analysis !Hearn and Clayton, 1986b) suggest that

* . c ust uader, PAS Is ab-out SI] km thick

T..,se studies dernonstrate that structure in the area is quite complex. .A

naior goal ol: the present work is to provide constraints on crustal thickness

n ad e r this Important transition betw.een tectonic provinces as wvell as determining

other structural details. Site-specific information provided by the receiver

unction technique will complement these broader crustal and upper mantle

* str:ucture studies.

00
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\ , eforn I da.t,! trowlr i}l eleseisnii eairlhqu:kes ,ere obtained from the

,,em moaram arch iec oi (aliftornia latitute of -lechnoloV (iable i The

se ismocrams wer photograph-d and enlarged for hand digitization. Waveforms

%k-rv di!gitized at an irreQu!,,r samplino intersal and interpolated ') an equal

samp1ing interval cf 0.1 seconds. Processing included vector rotation of the

h:,Iz.ontal components into the thuoretical backazimuth of the P-wave arrival to

obtain radial (positive aaa from the source) and tangential (positive clockwise

around the source) ground motions.

. source function equalization procedure was then performed to remove the

ins:rument resp-nse and unknown effective source function trom the radial and

tnentia, waveform data. In this procedure. the vertical component of motion is

assumed to be free of any effect of near-receiver structure (reverberations,

conversions) but contains the common instrument response and wave propagation

effects from the mantle and near-source region. The data are time-windowed and

Fourier transformed. The vertical spectrum is divided into the horizontal

spectra and then multiplied by a Gaussian function to remove high frequency

noise. The spectral division is also accompanied by prewhitening the vertical

component spectra using a "water level" parameter to remove spurious spectral

holes. The "water level" used for data considered here was 0.1% of the maximum

"% of the vertical component amplitude spectrum. The Gaussian filter used is

equivalent to a Gaussian pulse in the time domain with a half width of I second

,42 (i.e.. a=1.67 in e " . Details and justification of use of the technique can be

N found in Langston(1979).
O

Figure 2 shows examples of waveform data for events in the three major

.a.ctkazimuth ranges. 1280. 2350 , and 3150. Also shown are PKIKP waveforms of the

l,'23/76 event which was also used in Hadley and Kanamori's (1977) study. This

phase has unique properties in a receiver function study and will be used as a

* -7-
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.',,'o ,.'!:L'111, UI, I,, _,, _ ? t L! t C Fi. n A t},. ' -i i t ir. \ o, O I h i
,  

II: 1 ' ~ qt
'  

}

u'i 'nIne n 21 .if e n i motetions, e\cited b\ th, 1, wa e is cun-pnr:i')c t, r:1dili

1',~:0 n n .iin idenl radiall\ strt:!ied t nrth. ' 3 1nd IesuLtinp I'-.V \ , , er). 11

i1:i)cTeJ C I h ji 1 -ane cL tn'. a n the I:. e also ihli

e,:', l and ;adill notions,. or cot, e>el\ the observed hn, iz,,,al ct x n n:

qo:ite substan"ialhv in waveform . th.at simple inqtr n t

,* c.a, .ratior or malgnification differences cannot give rise to these anomalous

,:t i nce motions. The Appendix disc-sses the calibration of the Benieff 1-90

stm and chows that plausible miscalibration is not a factor.

,\eforms for the PKIKP phase for the 01/23/76 event also show \ery

ancalou< oarticle motions. This phase i; incident below the crust with an

:,':dent anle of ab'out 4 degrees. Thus. it is about as close to a vertically

Iprcpaa:ing P plane wave as one can get in practice. Horizontal motions,

% owever, are not ncar-zero. They are about half the size of the vertical P

waxve and bcth components are grossly different. Furthermore, this event has a

.bak,:azimuth in which the observed EW component is almost perfectly radial, and

the cbsered NS component, tangential. Observed differences cannot be the

resuit of instrument miscalibration or numerical rotation error. The data of

Figure 2 strongly suggest that heterogeneous three-dimensional structure is

causing large scattering effects in the receiver function data.

Because of the location of major teleseismic source zones, the equalized

.racia! and tangential component data were grouped into three backazimuth groups

,- and stacked (see Table I for groupings), The stacking was done by shifting all

trc:es to a common relative time based on the P first arrival and then

averaging the waveforms. Waveforms for plus and minus one standard deviation

V. about the mean at each sample point were also computed. The resulting waveform

V stacks are shown in Figure 3 with their standard deviations and a comparison of

stacks from the three backazimuth groups are shown in Figure 4. A display of

N -8-
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th >, ,pe \Ields inlorl iti.2 on the cohercn.', o f ,t,,ithin the ,,,\efoira

-4.and ct tile le\ ci of proccessig noise (OwAens. 1984).

Onl\ the first 15 seconds of the wa'%eforms are shown in Figure 3.

OL'C N IOu,!\ , the data ot Figure 2 show major arrivals in the horizontal waveforms

for at least 60 seconds. This poses a dtemma fur structure models that can be

considered. It is ver\ difficult to get such arrivals from plausible plane

k \ered models. This problem will be addressed in a later section. We will first

concentrate on major initial arrivals.

Figure Sa showks the waveform stacks for events from a backazimuth of 1280.

S 4 The bnunding envelope for + one standard deviation is quite large for tangential

motions and relatively large for arrivals after direct P on the radial component.

* A phase marked "Ps" on the radial stack is observed on the radial data from the

other backazimuth groups. This Ps conversion is indistinct on the tangential

data and is approaching noise level.

The other two backazimuth groups (Figure 3b and 3c) show remarkably large

arrivals, however. The Ps conversion is roughly half the size of direct P on

the radial components and is also resolvably large on the tangential components.

Note also that the tangential components show that the direct P wave amplitude

is variable within the noise of measurement. There is some hint that later

arrivals in the waveforms are coherent but, as we will see, are problematical.

N
, Figure 4 shows the stacks displayed together with P and Ps phases

earnctated, The working hypothesis is that this secondary phase is a direct
4,.-

P-to-SV conversion beneath the station. Its large size, relative to direct P, on

• all except the 1280 tangential stack is remarkable and can be directly seen in

the data of Figure 2 (Also see Appendix). Figure 5 shows particle motion plots.4-

of the radial and tangential stacks for 3150 and 2350 backazimuths. Note that

0 the direct P wave conforms to nearly radial motions as expected for ideal P

*particle motion, but that the Ps conversion has been rotated 450 or more out of

* -9-
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T, t i e I I. I n 1 ' e I tI o t ' t h I , e I 't v : I > q 1 1 ] . r . e . I t i V T I . d I f ' I U I t , I r ( ( I L I ' C

i.i:h 1i ,. Iroi s mp1 dipaint :er cv's ih:tI dipl) o II "a 1 . t ,re . ur

hal'o xcloc it 0cn t Iat,' t p t' o n con inentaI crustal nodelI ( Lain-st uri, I9-,

lee.l%3S). The implication is that there is a maJor discontinuit\ under PAS

nich has high dip and or hiph S w 1xe volocit\ contra.st.

Those a'rrials are also directly evident in long-period data from the

tat ion. Figure C compares observed waxeforms for the I1,'29,/74 event recorded

,an the Benioff 1-90 and Press- Ewing 30-,0 systems at PAS. The data have been

shited to a common time base. The vertical components, although showing some

zscattered waves in the coda. are pulse-like and show one major P arrival. The NS

! -Q0 component is dominated by the Ps conversion. Direct P is a minor initial

arrival. The 30-90 NS record shows that the Ps conversion (arrow) also

dominates the long-period wax eform, The EW components show the Ps con.'Prsirnn

arrows) but direct P, the first pulse, is larger. Nevertheless, the Ps

conversion is evident having the effect of broadening the initial pulse by a

factor of twko compared to the vertical long-period P-wave and producing a

'"shoulder" on this pulse. This comparison of data recorded on two different

seismometer systems demonstrates that the crustal structure responsible for

these scattering effects is radical and that the effect is not an artifact of,,w,

* instrument miscalibration.

One last constaint on the occurrence of this major Ps conversion can be

-. obtained from the data. Langston (1977, 1979) suggests that the amplitude and

*" polarity behavior with azimuth of tangential Ps can constrain the direction and

magnitude of interface dip. Unfortunately, the phase is only well developed in

the 2350 and 3150 azimuth groups although it may be significant that it is

* poorly developed in the 1280 azimuth group. The PKIKP phase from the 1/23/76

event, however, offers some independent information in this regard.

* -t0-



S1Sn,_c thi,, rha is neani\ i:i"l piopagsating. a', l'., conversion from a

idppi:£ interface %kI!l e contained in the plaine of the rav and dip direction.

r,, i's selt-evident !'tror the geometr\, (Langston. 197. Thus. a simple plot of

;x r:ii. motion of the Ps con\ersion will lead to a direct measurement of the

.,, :p c rectlcn. Fignre 7 displays such a plot. The Ps conversion is the largest

nirrix iin the NS component and is easil\ seen in the particle motion plot.

Note that it is polarizetd almost perfectly northward. Because Ps is positive,

relative to direct radial P on the waveform stacks of Figure 4. it is due to

ccnversion fron a higher to lower velocity as depth decreases. Taking the

negative polarity of the PKIKP phase into account yields an absolute dip

% L direction of' northward for the postulated dipping interface. This is consistent

* xvith the tangential Ps polarities displayed by the 2350 and 3153 stacks.

Determt;nIs, Modelin, of the Ps conversion

Recent efforts in modeling receiver function data have concentrated in

formal irnversion of the data to obtain a plane layered crustal and upper mantle

model (e.g., Owens et al. 1987). Characteristics of the Pasadena data set preclude

this approach. Excessive duration and amplitude of the horizontal component coda

and large tangential amplitudes all argue against finding reasonable plane

layered models. This will be addressed below. Nevertheless, the distinct Ps

* conversion seen in the data must have important implications on the nature of

struc:ure under the station.

Figure 8 shows a comparison of observed and synthetic radial component

* waveforms. The radial stack for 2350 azimuth is shown below a synthetic radial

seismogram computed for a crustal model proposed for the area by Hadley and

Kanamori(1977). The Thompson-Haskeli method (Haskell, 1962) was used to construct

* the synthetic. The crustal model is shown in Figure 9 with parameters tabulated

in Table 2. The Moho occurs at 31 km depth and produces a moderately large Ps

-11-
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&u \,n cstun \Ohich arrives 4 seconds after diret P (shown t\ art in M I Cule

, ihe observed Ps conversion is larger and arri\es at least one second earher.

Ih5: ts significantly earlier and suggests several possibilities.

First, if" the Ps conxersion is considcred to be from the Moho, then the

.Tust must be at most 27 km thick if Iladley and Kanamori's velocities are

assumed. ]learn and Clayton's (1986a) imaging study using Pg waves suggested

a\erage crustal P wave velocities in the area of about 6.3 kmisec and a crustal

thickness of about 31 km. It is possible that the receiver function data are

sampling a local anomaly unresolved by I-learn and Clayton's data. Alternatively, if

the crust is 31 km thick then average the average S wave velocity in the crust

must be at least 4 km/sec. The average P wave velocity would also be

correspondingly high at 6.9 km/sec assuming Poisson ratios near 0.25, appropriate

for crustal rocks. These calculations were performed assuming plane wave

propagation through a single layer crust over a mantle halfspace. In either case,

in the event of a thin crust or a thicker high-velocity crust, there should be

%.. -' an anomalous mass excess in the crust and upper mantle column which would show

up in the gravity field. No such anomaly is observed (Hadley and Kanamori, 1977).

One simple solution to the problem is to accept the average thickness and

crustal velocities determined from previous studies and to infer a mid-crustal

interface causing the large Ps conversion. A plane layered model which shows

the general attributes of this working hypothesis is shown in Figure 9 (and Table

2 and the corresponding radial synthetic in Figure 8. Ps arrivals from the Moho

are minimized by making the structure approximate a smooth gradient in that

* region. The large Ps relative amplitudes observed requires a high S-wave

velocity contrast. This, in turn, implies a velocity inversion in the midcrust to

attain the required large contrast. The synthetic shown in Figure 8 for this

kind of low velocity zone (LVZ) structure shows the general characteristics of

the data by approximating the arrival time and the double-peak character of the

* -12-
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, I lhe '. ad '\ ic.t.:1r t that the ..\{ bc i \ .. ',:ilh et h-ut the

eee .'r:l ,hara.terist cs are produ,'ed t", the model.

l L)\ , the plane l:aiered m does no, :plain the anomlous particle

tof the Ps conv'ersion. A series of ra, theor\ calculations (Langston,i 1Q77)

.re performed to test the dipping interface model. The tangential Ps data

.u~re that the interface dip northward under the San Gabriel Mountains.

E\perience with such calculations indicates that there can be considerable

t ra.-off between interface dip and \elocity contrast (e.g., Langston, 1979).

,,,es ~hich approach a dipping interface from the down-dip direction will have an

effective angle of incidence which is larger than waves approaching a horizontal

interface. This will produce a correspondly larger conversion. Of course, waves

* approaching from the up-dip direction will tend to have lower angles of inc~dence

with less conversion.

A number of dipping interface models initially based on the Hadley and

Kanamori crustal model of Table 2 were examined. The top of the 6.8 km/sec

- layer was allowed to dip up to 400. Two rays were traced through the model.

These were direct P and the Ps conversion from the dipping interface. It was

quickly seen that, although it may be possible to produce large Ps conversions

for rays which approach the structure from the down-dip direction, models with

dips greater than 100 consistently produced low amplitude Ps conversions for

* rays traveling from the up-dip direction. Indeed, for P velocity contrasts of

6.26.8 and 5.0/6.8 (velocities in km/sec and assuming a Poisson solid), dips of

300 resulted in Ps conversions which had opposite polarities relative to direct

" ,radial P. This is clearly inconsistent with the data which show large positive

Ps conversions (Figure 4). Thus, interface dip is required to be of the order of

100 or less. The S-wave velocit% contrast is also required to be greater than 1

° km,'sec. The calculated Ps/P ratio for up-dip ray incidence is 0.19 for the

,,  5.0/6.8 interface at 100 dip. The observed Ps/P ratio for the 3150 stack is 0.57

-,

* -13-



[icure 4I I, hich reprt,',en t N% \e c ,,c i,;1, -J1 hut at an anuI'c from t 1

-p rrt -ard dip directon. Calculated tan ti-iil :iniplitude' for the 1, conversion

C:I 1eonip3ra)Le to the radKil anlitudes anri agree \wilh the 45 ' polarization

1-., :11, ', seen in the data.

lo summar Ps -- P arrival times sugeest that a major discontinuity occurs

in ,,he mid-crust under PAS. Although the polarity of radial and tangential Ps is

c.nsistent with the interface dipping northward under the San Gabriel Mountains,

dip is oF the order o" 100 or less and the S-wave velocity contrast must be

unusua!lv large (> I km/sec). Qualitatively, a major crustal low velocity zone can

explain these observations but the extremely large Ps/P amplitude ratios

probthlv impl\ that other factors are affecting the waveform such as ray

* focusing (Lee, 1983. Lee and Langston. 1933a:b).

,-- Stchastic Structure Modeling

;)Up Lo this point, the data have been treated from a deterministic point of

iew. .-\ discrete arrival was identified in the observed waveforms and modeled

assuming it occurred at a well defined interface. The data show that the first

Ps conversion is indeed a major wave propagation effect and it is reasonable to

assume tnat major early arrivals will be due to direct interactions with

discontinuities in the structure. However, if the data of Figure 2 are

Sob iective!y examined it becomes clear that the inferred Ps conversion is simply

-*~the first of many large arrivals in the horizontal P-wave coda. Are these later

-- arrivals fundamentally different from early arrivals? What do these large

*I arrivals imply about the heterogeneity of the structure under the station?

The answer to these questions are probably beyond the scope of this study

because of basic limitations in the data set and in knowledge of theoretical

effects of wave propagation in heterC^, neous structure. However, a slightly

different question can be asked which can provide insight into the problem of the

* -14-



: d;. (,, pC., I ' Jed tructunc r imr11 the c , ,'la e a I :-; the dalta an1d, if

A"k h,"t are th: e II- p1 1tain.

I ir r.' we m 1 k.e t h, assumpt I( n that all arri\ als seen after direct P' in Ihe

data represent w\axes S,:atteled in structure near the receiver. This assumption

1 probabl\ poor for shallow earthquake sources simply because of known

a11 ction effects like near-source surface reflections. Deep events, however.

s 1,d he less affected b near-source scattering. A simple geometric argument

can be made which requires that observed scattering occur near the receiver.

F,r deep teleseisnms. tangential amplitudes in the coda are seen to be as

large or larger than the vertical coda amplitude. Therefore, if these coda waves

arc due to scattering (P to P or S to P) in structure near the source they

Smust finally convert to P waves to arrive soon after the direct P at the

receix er. If the, are P waves, they must have azimuth anomalies greater than

450 since they are so large on the tangential component. This contradicts the

near-source scattering hypothesis since the scattered waves themselves must

come from teleseismi: distances from the source. The conclusion is that it is

-S7 possible that near-source scattering contributes to the effective teleseismic

source function but that large horizontal coda amplitudes relative to Yorizontal

P must be due to scattering near the receiver. This is basically the same

argument used for the simple deterministic analysis of receiver functions.

* Cessaro and Butler( 1987) have made similar comments in their analysis of

tanzential P seismograms.

Synthetic seismograms were computed for a series of receiver models with

* plane layered stochastic structure. The procedure used by Frankel and Clayton

(1986) was adopted to generate a random velocity-depth function. This is

summarized as follows:

1. A random series of normally distributed velocity values, v(z), with zero mean

and unit variance was generated from a pseudo-random number generator. A

* -15-
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S ~ ~ ~ ~ Lre fl npi ltC1 ~~j':d"o ti I.d to th.I ill 1(,

A .n e\pcnentia correlation f'un:tI)n N'z)=e': JS w s as ]I)_ed I hC: t lhe lneJi u /n

\ here ai is the coirelation length. The wavenumber spectrum of Nt :j, N(k=

l ( -a- was used to filter v( Z).

The filtered velocity spectrum was then inverse transformed and scaled to a

wanted \ eiocitv variance and mean.

S.lntnetic seismograms were computed using the Thompson- flaskell method

(Haskell, 1962).

Calculations were performed with a Gaussian correlation function as well.

but the exponential correlation function proved to create somewhat more

%.. scattered arrivals since its spectrum is richer in higher wavenumbers. A

cnrrelation length, a, of one km was assumed. For 0.5 hz waves considered in

this study, the corresponding value of k za is approximately equal to 1. where kz

i The vertical component of the wavenumber. P-wave velocity-depth functions

ere computed using the random number generator and S wave velocities derived

cv assuming a Poisson solid. Density was held constant. Velocity parameters

Af':r the halfspace below the random crustal layer were generally set to those of

:he lovermost crustal laver.

The interest in this exercise is not to suggest that a particular

S.;.. ccrrelatior, function is appropriate for earth structure under PAS but to

Snvestigate the degree of scattering required to mimic the observed data. The

,:-rrelation function parameters were chosen to maximize ID scattering effects

within the chosen frequency band because the observed data show high amplitude

. coda. Frankel and Cla.ton(1986) suggest that a self-similar correlation function

may be appropriate for earth structure since it gives a frequency independent Q

over a broad frequency band and is consistent with array data. The receiver

*-16-



% ., ;~ ~~:: , do':u sot ron: F .\S r cS.'-fltIul\l imnited h\ the .'l.u,.a2.\ of hanlid

<:V.'-'!;T. ti~2. \, e c ntr:ito on exanifnlin cla lormaion ncar th, Jle[k of tie

*:: :2 :'cnt reso )sO \:e I :OrtQc:\l digitized\th ;),,i] (d

-w , baLc ncii\ odds iee oni1ercd in the ID imulatins. ke fir;t

isted of a he'' o .o.... crustal Iaver 30 km thick w i tit a mean velocity of

" m hac aad Hci\ stalnd ard detion of 10 The top pair of waveforms in

Fl.-ure I0 a:e txvpical exampies of the free surface displacements computed from a

nu nt h'er of realization,; of the stochastic parameters. Figure 9 shows the

,:c.[re<'>jnding S elocit -depth functions for the lower and upper pair of

Ssxi'netics. The incident wave time function assumed was the time derivative of

t,-e (ussian unction discussed above in the source equalization section. A

• cv: c;- lnce:o tneIe nthetic_ and the data of Figure 2 show that synthetic

-. :v\ are siPnificantl. losser than those obser' ed and that the coda

, , attenr-uates quickly with time.

It might be expected that a more realistic Moho with a large velocity

, c:;,'ast would tra- more scattered energy in the crustal layer. The middle pair

o: _,,ntheics shoAs this case for the model used to compute the upper

s\.".,,etics b assuing a halfspace P wave velocity of 8 km,'sec. Minor changes

ciur in :n e resulting synthetics. The largest change is to accentuate the Moho

-Ps c er- . by alcou a factor of two (arrow). The coda is largely unaffected.

* .. . 'a-ra ~ :i:,. tonds to increase the duration of coda. Increasing

'..:"e yeI, s:andard de 1 ation o20','. over a layer 60 km thick \sith a mean

veloci:\ of 6 km sec produces synthetic seismograms which start to mimic the

d ,a (btom Figure 10'. Large Ps conversions and reverberations start to

attain ampiitudes comparable to the direct radial P-wave and coda duration

- uperficial,. appears to avree with the observed data.

* Thus, it appears that ID velocity variations in excess of 20% over a

significant thickness of the lithosphere are needed to mimic the receiver data at

* -17-



L - I ,,~ i.t \ 2 .''iI abotIt 1k, .1(' -k!l; m-: Il '1) ht, M-l f ' iCt, tl~x

TIt 1!'! .3tte :OrI-lU1IO,'l i< th t othr 31 l an; h ni;.l-s ;, :i tciilip :ire needt!

V! ,'t l ! jl Q t I ' ,t r.. rt , p ,ine 1, i e r. It It i5 l-, , 11 ther ,

:.'[ .y j'\:': . c,,( I, Ie u, I \:c ' a in e arl s r a J .e (Su)!i le\ lii

\n i-e ,c.. .:n ",- 1te ,co u ie tou . : is lso clear tha' iii d rD

n .; i a"d Ch Pet 1 5 9 l) . Tnt s an asm ToKSiz o fm This is e xpectd

;nruCt,:e< arc recuired in oe area to produce the large tangential particle

.m nuio:s beer,, ed in the data. Ndunerical experiments with 2D elastic finite

-er, mnc e r",h,-s show that. for an ehual amplitude scattered neld, velocity

tils eis two dimensions are about half that nouded for velocity variations

0- 397 D.I!cnsion(.Mcaugh in et ai. 195). Thus, assumption of simple aD body wave

~."'errna Ior explaining much of the receiver function coda at this station is

tznerev Flu,: Models for Plane "W.ave Scatterino

:" The ph~ne layered model simulations are instructive in SnowiflO deficiencies

"*'""in basic modeling assumptions when treating the receiver function data. However,

• : V\'fl2d aide be useful if the coda data could be carameterized in such a way

,'Q,". ", g,:-ae tne analysis. For example, are there as pects of the coda decay w,,hich

-" ,,'ec .ue reasonable plane layered models in other situations? Also, what does

• .".e amplit.ude of tho coda suggest about the magnitude of scattering near a

• ". -" re eiv er?

"., Teleseisinic P w,.ave coda has been the subject of a number of studies (e.g..

". '2 Ak.i. :973: Dainty' and Toksoz. 1 977; McLaughlin et at, 19%. kLevander and Hill. 1985;

-rankel and Clayton, 1986: Cessaro and Butler, 1987). These studies are closely

0 -18-
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%" i - i a',! t' :i.:: l ,:, ,rt- c v . .\ki ! ( ! SOt A ki Jrld U"hOU',t. 19.'5 7 )li

J :,! ) :. ... (P, : I I , ,,ichards and Nivike , Ip Y, iupta and I1landIord,

', .5 , i. ,, .k I . ,. (C-aU and Butlet, Its,'.: Franilel and W\ennerl'e g li)3,.

-! ur.icr of tec:haInjucs are available to paraneterize the coda level and

'::,e J'co\ based (n ' th Porn approxination of weak single scattering or of

i Of COda Vneri2\ for extreme scattering (e.g., Aki and Chouet, 1975: A.k,

S': . tt al. 19-4) Recent work has concentrated on simulation studies

tisum I rite difference acoustic and elastic w ave propagation methods(Levander

- Hiit, 1985. Frankel and Clayton, 1986) which implicitely include the entire

-":. ::er' f'ied Levander and Hi11(1985) examined scattering characteristics of a

Sruz boundary between a surface layer and underlying halfspace and showed that

zn h of the scattered field is dominated by Rayleigh wave propagation. Frankel

adCl-a ton (1986i anu McLaughlin et al (1985) examined P-SV propagation in 2D

" - ramndom media to examine scattering of high frequency (f>lhz) seismic waves.

- Su ;euentlv. Frankel and Wennerberg(1987) developed a simple theory based on

prev us finite difference simulations to parameterize coda levels, scattering

a:* ttenuation. and intrinsic attenuation for 2 and 3D scalar wave fields.

The success of a number of receiver function studies in determining plane

12XC,:J crustal and upper mantle structure indicates that the scattered wave

fied may be thought of being composed of a "coherent" contribution from Ps

conversions and reverberations from discrete interfaces and a "stochastic"

..... :b,':n from smaller scale heterogeneities. The coherent field can be seen

. o',e a large solid angle of ray paths. The stochastic field changes quickly with

r:'v parameter and ray azimuth. Examples or the stochastic field are variation

- in tangential P wave first motions over the events of the 2350 stack in Figure

3b as well as coda arrivals with long lapse times from the first arrival. The
'pj.'.

W -19-



,.. e~,2 t ( I aI\ dc'er, nisi,. r (ci\ r fulci,.iOn StUd\ depend, cr~ticdll\ ()n th

",herrit fiui eing dorniniant I lcAe\er, the incoherent fiCld. whi,.h Ur ,.-U2J

c:noied in such studies. also :untain, statistical information on thc dc, re., ot

• t i ot2feit\ in the structure \which ma\ be \ery useful.

P-"at studies have not entirely addressed energ\ partitioning and the

mer, us -cattering mechanisms that may be affecting formation of the full

scattered tield even for plane wave propagation. This problem is difficult since

s:',tions of the wave equation for 2 and 3D complex structure must be examined

heuristic approach will be used here to develop an operational theory

appropriate to the three component receiver data. The purpose of doing this is

to empirically compare coda levels and decay between different receivers for

Sclassification purposes and to suggest avenues of research that will address

e actual wave propagation problems. This heuristic approach will also be used

to quantify the differences between ID structure coda development and coda

observed in the data.

A useful method of parameterizing the P coda can be derived following

Frankel and Wennerberg(1987). They examined scalar 2D finite difference

simulations and suggested that scattered energy behind a cylindrical or spherical

-,wavefront distributes itself uniformly over the volume behind the wavefront. Aki

and Chouet (1975) arrived at the same conclusion when examining coda of regional

* earthIq',Iaes. This simple assumption yielded useful formulae for coda level and

dcccv in cases of strong multiple scattering as well as the limiting case of weak

single scattering. Theory for an energy flux model with plane wave propagation

in a wholespace will be developed since simple wholespace models are widely used

in many coda studies. It is also useful to examine a simple wave propagation

regime io motivate more realistic scattering models.

Consider first a source of plane waves which radiates two oppositely

propagating plane waves in a scattering wholespace. The total instantaneous
S'%

.- % % %
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energy or pow er, T i given by the sum of the direct wave power, Er-, and the

coda power.

D £T - : ' -C(1)

" Srecify that

'V- c t/

e S (2)

where t is time, w is circular frequency and Qs is the quality factor for

attenuation due to wave scattering. Substitution of (2) into (1) gives

,e, (3)

Coda amplitude, Ac, is related to the coda power density, C, through the

principal assumption that the coda energy distributes itself uniformly behind the

two propagating plane waves. First we have

AC = 7 (4)

A,:

i is a scaling factor. For P and S plane waves r = /VTwhere p is

1" If S is the unit plane wave area, r the propagation distance from

source to receiver and a P-wave velocity, then the coda power density is

" C _-C -(

V" Voiume 2 1 2 S

Using (3), (4) and (5) we obtain

-.N
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Sv

V2~

7 can be estimated using the observed direct wave amplitude and correcting

it for attenuation through the scattering medium. Thus,

E~r 2 E e d s t

where -, Is the observed direct wave power and r, r' . The factor of two

comes from the fact that two plane waves are propagating in the medium and

contribute to the scattered field. Plane wave propagation thecry is used to

- obtain the estimate of direct wave power. Firs, consider the integral of the

square of the ground velocity, A't),
.," .. o

I
2!! (8)

Times t1 and t2 bound the direct wave arrival and are estimated from the

data. The direct wave power is therefore

2

- =( 9 )

Substitution of (9) into (7) ani of (7) into (6) gives

• \ Zn e+Cj' /20 Sw/ e
A 0  ,&2 s(1-et/S (10o)

As Frankel and Wennerberg (1987) show, the effect of attenuation due to

scattering determines the initial level of the coda scattered from the direct

O
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'O.\x but coda dec.ax, wilh time i, mainl\ controlled b\ the time-dependent

mci case in \olume behind the A, avefront. In this plane waxe case, the : / V

depeide nce is due the linearly increasing ,olume between the two oppositely

ropaciating plane waxes.

Relation I ) is useful for desc-ribing the coda for a plane wave propagating

ia: ,hick lave: where coda lapse times (wave arrive time relatixe to the direct

x axe are less than the arrix al time of waves which interact with the lower

boundary of the layer assuming the observation point is at the surface. This

:orresponds to lapse times of less than 5 seconds for receivers on typical

continental crust. A more appropriate model for receiver function coda is

sattering in a heterogeneous layer overlying a homogeneous, isotropic

* half space. In this situation, a vertically propagating plane wave sweeps through

layer once on its wax to the receiver, reflects from the free surface and

sweeps through vet another time on its wax back to the halfspace. Energy is

scattered from the plane wave into coda energy.

A variation of this problem was studied by Dainty et al(1974) and Dainty and

Toksoz(1977') where they assumed that scattering in the layer followed solutions

to thle diffusion equation. Also assuming that all energy within the layer was

scattered energy they obtained the following analytic solution for the scattered

energy field at the free surface, m(t) (assuming no intrinsic attenuation):

-232

4/j.

ei:.' (11)
,,,,.., - . / -. -., /

..P 7"

* h is layer thickness and {, is the vertical diffusivity of energy through the

r.-" boundary of the layer into the halfsace. The coefficients. an. are found as

r..]"solutions of the following equation:

.-.
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: = .. . (12

w. 1tc is the sCismic 'elocit v of the halfspace.

The dominant term of (11) for long lapse times and a high vertical diffusion

rate can be shown to be for n=]. Thus, for cases where diffusion of scattered

energy occurs quickly, coda energy decays like

(13)

% 2

\where -. ,, This behavior can be incorporated into a hybrid model

containing aspects of plane wave propagation in a layer with assumption of

.. homogeneity of the scattered field within the layer.

Consider a horizontal scattering layer of thickness h overlying a

homogeneous and isotropic halfspace. A vertically propagating plane wave is

incident from below, passes through the layer, reflects from the free surface

and passes back through the layer into the halfspace. The total power in the

system can be written as

LT -- (14)

S

where a new term has been introduced to describe the amount of

instantaneous energy which diffuses out the bottom of the layer at the expense

,4 of the coda instantaneous energy, - Based on the behavior of (11) above, we

assume that

- = Y (15)
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\\hiCh by simple integration yields

E, (e (16)

where it is specified that Eo=0 at t=0. As before, the power in the direct

wave after interacting with the layer is

E = ET eW 2 d/Qs (17)-D I

where the factor of two in the exponent comes from the wave passing twice

through the layer. Obviously, (14) is appropriate for short-duration direct waves

and times greater than 2 td.

,Substituting (17) and (16) into (14) gives

4,' . e-- S) e (18)

Also recognizing the volume swept by the plane wave is now h 6S, the coda

power density becomes

, ;CZ ,(19)

As before, the total instantaneous energy available to the system can be

estimated from the observed direct wave power, by

' - " +co',./Q
e s (20)

and using (9) gives

, NtOd
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Note that this form for coda amplitude looks superficially the same as that

in (10) except for the exponential factor of time in the numerator of (21).

Indeed, the time decay of the coda is controlled entirely by this factor. If y ,'

is assumed so that no coda energy can diffuse out of the layer, then the coda

level is constant for all time, consistent with the plane wave assumption of a

I packet of energy being homogeneously dispersed throughout the layer. Thus, the

decay of the coda field is functionally equivalent to the leading term for the

formal solution (11) and (13) particularly considering that energy is proportional

to the square of amplitude.

Anelastic attenuation can be included in relations (10) and (21) as the factor

* +Cjtd/2Q -wt/2Q (22)

where QT is the intrinsic attenuation of the medium. The first exponential

-FI. in (2) is the correction factor to determine total energy from the direct wave

and the second exponential gives the attenuation of coda amplitude. Note that

the effect of coda energy diffusing out of the layer given in (21) is exactly the

same as intrinsic attenuation. We would therefore expect that it would be very

difficlt to impossible to separate the two effects in practice using the

- teleseismic coda data.

-A, An implicit assumption in developing (10) or (21) is that the scattered field

is of the same wave type as the primary. These equtions are appropriate for,

sa, the scattered pressure field from an incident P wave. Even for simple ID

layered structures, much of the scattered field is composed of P-to-S

conversions. For 2D and 3D structures, there is evidence that much of the

-26-
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scattered field seen at the surface is composed of low group-velocity surface

raves (Dainty et al 194, Aki and Chouet, 1975; Levander and Hill. 1985). Thus,

there is a procedural problem of relating observed coda wave amplitude to

energy since the wave type contained in the coda must be known before hand. In

principle, it is possible to directly infer the energy contained in a wavefield if

strin observations are available. However, three-component displacement data

V cannot be used without assumptions on wavetype.

Recognizing these limitations, we nevertheless use equations (10) and (21) as

guides to the analysis of thy thre-component data. These equations will be

useful in parameterizing relative levels of coda and coda decay between isolated

recievers but are clearly deficient in addressing all of the scattering

* mechanisms which are probably important in teleseismic coda development.

Some operational aspects of examining coda decay are patterned after

previous studies (e.g., Richards and Menke, 1983; Frankel and Wennerberg, 1987).

Observed three-component data for a single event are first narrow band-pass

filtered with a Butterworth recursive filter in the forward and backward

directions. The two-pole filter used had corner frequencies of 0.25 and I hz so

the following results are appropriate for 0.5 hz waves. Once the data were

filtered the intensity of the direct P wave at 0.5 hz was estimated by squaring

the signal. choosing t1 and t2 (equation 8) from the duration of large motions on

* Othe vertical component and integrating over this time interval. The power of

the direct wave was estimated using all three components of motion over the

time interval inferred from the vertical component. The integral of the squared

* veloci,% used for equations (10) or (21) was the square root of the sum of the

squares of the integrals from each component of ground motion. Each componentA ."

Swas then scaled by dividing the square root of this total squared velocity

* integral. The envelope of each component was then computed by forming the

analytic signal (Farnbach, 1975) and taking its modulus. The total coda time
,,,
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string for one event was then found b\ Summing the squares of th ell\elopes o"

the three components at each time point and taking the square root of the sum.

,esulting coda envelopes for separate events were then averaged to obtain a

bette'r estimate of coda level.

Figure 11 shows the results of this process using four deep earthquakes

rccrded at PAS (Table 1). Deep events were chosen to avoid contamination by

near-source scattering effects. The observed levels of coda are very high.

Indeed, an examination of the raw data (e.g., Figure 2) shows that much of the

coda comes from the horizontal components. Theoretical curves computed using
equation (10) are superimposed on the coda decay curve in Figure 11 and show

that an apparent scattering Qs of 200 to 300 is required. The coda time decay

appears to be very slow and is roughly consistent with I1V, found in this model

Cof sc. tering.

Figure 12 demonstrates, however, that the simple ID simulations are not

consistent with coda decay following equation (10). The coda curve for the "200/o"

model was constructed by stacking 10 vertical and horizontal component

realizations (20 time series in all) of models which had a velocity standard

deviation of 20% and a layer thickness of 60 km. The "10%" curve was obtained

by stacking 9 vertical and horizontal component realizations (18 time series) for

models which had a velocity standard deviation of 10% and a layer thickness of

30 km. The observed coda decay is linear on the logarithm plot and falls off

much faster than implied by (10). The linear fall-off is consistent with the

scattering layer-over-halfspace model where coda energy diffuses out of the

layer into the halfspace governed by equation (15). The ID simulations included no

effect of anelastic attenuation.

Figure 12 also shows least-squares linear fits to the coda oecay to obtain

Qs and Y in equation (21). The slope of the log-coda curve yields Y and the

zero time intercept can be used to directly solve for Qs. The standard

* -28-
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d* :-lon of the Ieas->quires fit aas also used to estimate allowable Qs

rt,n b add ip e ai subtracting the standard de% iation from the zero

in',er.cjt time to find a I', er and upper bound of Qs, respectively. These

, \alues are displayed Table 3. Coda from the simulations show that the diffusing

la.er model correctly predicts the form of coda decay although tile model does

, nrmall. treat the scattering mechanism of P to S conversions within the

lver. The decay rate is \ery sensitive to the velocity standard deviation but

Q., estimates are surprisingly the same, within the error of determination.

It is Interesting to compare results for PAS with those from another

statien to get an appreciation for the level of scattering implied by the data.

Three deep events recorded on the broad-band DWWSSN system at SCP (State

* College. P.A) were analyzed in the same way. Event parameters can be found in

Table 4 and the data are displayed in Figure 13. The Benioff 1-90 and

intermediate-period DW\VSSN systems are sufficiently similar for the purposes of

this comparison, particularly since the same band-pass filter was used on the

'r data.

Figure 14 compares the coda decay curves for PAS and SCP. Structure under

SCP is seen to be simplier than that at PAS (Langston and Isaacs, 1981; Ammon,

1988 personal communication) and gives rise to lower amplitude Ps conversions as

well as coda. Coda decay for SCP is twice as fast than that observed for PAS

(Table 3). Qs is found to be lower for PAS with use of equation (21) giving a

value of 2;9 compared to 582 for SCP.

* Di-scussion

The scat.eriniz laver-over-halfspace model reproduces the principal behavior

of the I D structure simulations (Figure 12) and is consistent with coda decay in

* the PIAS and SCP data. The simple assumptions of homogeneity of the coda field

and diffusion of energy into the halfspace seem to describe the basic mechanisms

* -29-

,7



otf od.i formation and IS C0o11stCflt 'A 11b1 pre\ .i(ou' obser' atiow\ of the behai or

cf data and 2D simulation studies

\kI and Chouet( 1975 estimated the di' ftsivtv of the lithosphere in J:Ip:)n

and C(.diforni2, using a diffusion model of coda formation applied h, local

e:arthwakc data. They found high diffusion rates having the effect of

h,:me nizing the coda field behind the wavefront. Frankel and Wennerberg(19S7)

took these ideas further by examining the coda field in finite difference
),,, simulations and constructing a simple energ. flux theory to explain the formation

coda. Although the assumptions of homogeneous coda and diffusive energy flow

across the laver boundary are reasonable, the actual mechanisms of coda

formation are not directly addressed in an equation like (21) which leads to the

problern of estimating coda energy from an unknown wavefield.

Much of the coda in the ID simulations is a product of P to S conversions

and rexerberations. The energy scattered into S waves is obviously a function

of ray parameter. As the direct wave incidence angle increases, more P to S

conversions will occur. This can be verified directly by calculation but can be

easily seen in the behaviour of the conversion coefficient at a boundary. Thus,

it can be expected that coda fall-off and levels will change for waves of

diff'erent incidence angle if ID structure is appropriate. P to S scattering in

:D structures is more complex (Frankel and Clayton, 1986; McLaughlin et al 1985)

but appears to become less sensitive to incidence angle. P and S to Rayleigh

sca::ering is probably a major component of the coda field at relatively low

frequencies (<1hz) (Aki and Chouet,1975). These scattering mechanisms may control

the coda formation in the data presented here. In terms of the application of

equation (21) the problem amounts to estimating d, the scaling factor relating

energy density to wave amplitude in equation (4). Even for ID structure d

" depends on incidence angle and includes the free surface receiver functions (e.g.,

Heimberger, 1968), It is of some interest to examine the energy partitioning in

* -30--
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the kda of the simulations and, making some simple assumptions, the parttioniw

seen in the data.

.A> an approximation, consider the coda power being composed of S-wave, E-
~4.* S

and P-w"ae, -.-. ,orers

. (23)

Ir

A.-\lsD define the energy partitioning coefficient by

- S(24)

* For plane wave propagation

0 T

.4. (25)

4..

where S and I are the estimated integrals of squared velocity fors p

S-wa.e and P-wave motions, respectively. The S-wave velocity is given by For

ID structure models and for incident P waves of small incidence angle. S-waves

ozcur primarily on the horizontal component and P on the vertical. The

respective wave integrals can therefore be directly estimated using equation (8)

b, performing the integration over the filtered and squared waveform from the

end of the direct wave arrival to some reference time in the coda. This was
'F.

done fcr the waveforms obtained from the 10% and 20% ID simulation models. Both

models give similar results where, for the ray parameter considered (0.06 sec/km)

in constructing the synthetics, roughly 70% of the scattered energy occurs as

S-vave energy ( A value of 0.7 - 0.3 was obtained for both simulations using the

*~indivJdual waveforms of each model realization.) Changing the ray parameter to

9, 0.04 sec,,'km, appropriate for source distances of 850 reduces the S-wave energy

% -31-
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to 50' and less for the s nthetics. Thc fr , <.ui Li:ce etfltect is tl [, d he

thi, sarne for both P and S for thee kom :ngle of incidence.

Small differences in correcting the data for wave propagation effe,:ts are of

i'. little ccnsequence to this discussion since w*ave types in the observed coda

data are largely unknown. We treat the observed data in the san way where

,h- S- and P-wave integrals are defined as:

t
-N -

(26)

7 -r

\where the subscripts Z, N, and E denote the component of ground motion.

Assuming only S and P-wave partitioning in the PAS data yields a partitioning

coefficient of 1.7 j- 0.4, a factor of 2 to 3 greater than expected compared to

the ID simulations. This result is consistent with the coda being comprised of

Dlow group-velocity surface waves scattered from incident P and S waves.

Instantaneous energy will be proportional to the group velocity so that assuming

a higher S ,elocity in (26) will cause the energy to be overestimated. These

observations are consistent with observations of the coda at arrays (Aki, 1973;

Aki and Chouet. 1975) and from theoretical wave propagation calculations (e.g.,

Levander and Hill. 1985). Powell and Meltzer (1984) also found direct evidence for

a high level of scattering under southern California in their study of coherency

across the SCARLET array.

It thus appears that coda level and coda decay at PAS is inconsistent with

pausible ID earth models. The observed data show slow coda decay implying a

rela-iveiv long dwell time of coda energy in the crust as well as high

amplitudes. The high amplitudes are consistent with the coda field being

primarilY composed of scattered surface waves. Even the coda decay seen at

SCP implies unreasonable ID structure since the data imply virtually the same

attenuation and decay as the 20% velocity model (Table 3).
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I io " t\ ", - c r' ".'I u ct'tlI'C(itI data can be routinel, oiuantified in

, s"t to m ,.vat~ an interprtation o structure under a receiver

S, u cn,.' I I d:It :ho sk tendencies that are inConsistent with

I) d o.e!- thern t cr 0il of selected phases at long lapse times (>10 sec)

The ,f-i - rrisa. if r rsior of the entire waveform becomes suspect. This

- -va: ,upris ing sh.n one simply looks at the anomalies contained within
2'

I t th thcetii tieatment presented here can help quantifv both

th'. ' churac'teri.' c> of the observed data and the justification of a

;':::-:.!a ,, ,,'inir g Stratog\

The farce s ze of the initial inferred Ps conversion with anomalous particle

::i'- implies the existence of an interface which dips to the north under the

C I. ountns wi gentle dip of 101 or less. The large relative

ami:ade, seen also or, long-period data, implies an S-wave velocity contrast

c,-at ". than 1 km ,sec. It is conceivable that focussing due to a curved

inerfac accentuates the Ps conversion relative to direct P. However, it is

d:ff-u-t , produce such effects unless the interface radius of curvature is

-omparable to the depth of the interface (Lee, 1983) so that a caustic is formed

. .th . surface.

The northward dip of the interface suggests that it is a major structure

aS,'t- : ,e ith the southward overthrusting of the San Gabriel Mountains. If

aae _:,,. e of the conversion is due to large velocity contrasts, then a low

Z 7.e is required at mid to deep crustal levels. It is interesting to

,.2ote that this low velocity zone occurs just under the seismogenic zone of the

*r an ,-, may be the seismic signature of the decoupling zone of upper crustal

and iower crustal-upper mantle microplates (Humphries, 1984).

4
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C n:I us' ions
t.

The receiver function data set for PAS suggests the scatterirn is ocCurig

j in hihv heterogeneous crust. Broad-band Benioff 1-90 data from teleseismn,

sl1w), an.onIalus tangential particle motions and a high amplitude coda which

,,c N.s slowly. Initial portions of the radia! and t,,,gential recei'er functions

>.hcow a coherent inferred Ps conversion which displays a polarization anomaly of

4
° for mc, st data. Using the amplitude, polarity, and timing of this phase seen

n stacks of the data and from a direct observation in an incident PKIKP phase.

a high S-Iaxe \eiocit. contrast (>1 km,,sec) interface is inferred at approximately

20 km depth. The interface dips less that 100 to the north and appears to be a
b.-

major structure associated with southward overthrusting of the San Gabriel

Mountains.

Observed coda level and decay was examined using two methods. One was

-,direct simulation of ID stochastic structures. Plane wave synthetic seismograms

were computed for random plane layered models with an exponential correlation

function and with 10% and 20% standard deviations in velocity. The PAS data

saowed larger scattering effects than the simulations indicating that geologically

unreasonable ID models are required to explain the coda data. The ID models also

are obviously deficient in explaining the degree of off-azimuth scattering seen

in the data.

The other method consisted of examining coda behavior using an energy flux

model developed for a scalar plane wave incident on a scattering layer over a

,. .' homogeneous halfspace. A scattering layer model was considered since it is likely

that major velocity perturbations are largely confined to the crust. Two

fundamental assumptions were made to develop the model and were based on

previous empirical observations of the behavior of earthquake coda and numerical

* experiments. It was assumed that the coda field distributes itself homoge-

neouslv within the laver and that coda energy diffuses across the laver-

0 -34~-
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halftpace boundar\. Coda decay is seen to be controlled entirely by the

diffusion constant of energy flow across the layer boundary. Synthetic

seismograms from the ID simulations show that the simple energy flux model

explains the farm of coda decay. One implication of this model is that the

diffusion effect is indistinguishable from anelastic attenuation. Thus, it is

likely that teleseismic coda data cannot be used to estimate local anelastic

attenuation.

PAS and SCP data from selected deep earthquakes were analyzed using this

modei and it was found that PAS had a lower scattering Qs (-239) compared to

SCP (-582) and that the coda decav for SCP was twice as fast as that for PAS.

The absolute values of scattering Qs obtained with the model are subject to

* assumptions on the types of waves contained with the wavefield and probably

represent lower bounds to the actual Q values. The comparison between the two

stations shows that scattering is lower in a tectonicallv quiescent area with

less variable geology as expected.

An analysis of energy in the horizontal and vertical components of the ID

synthetics and the PAS data suggests that much of the energy contained in the

observed coda is from scattered surface waves.

Finally, the observational techniques proposed here can be used to justify

or not justify the use of ID plane layered inversion models or the analysis of

0• isolated phases late in the coda of receiver function data. The PAS data are

41. clearly inconsistent with geologically plausible ID models as are the SCP data.

Further research is needed to quantify the nature of 2 and 3D scattering in

* causing teleseismic coda and in quantifying the application of simple energy flux

models as developed here.

*0
.
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Nominal instrument constants for the Benioff 1-90 system are pendulum

perioJ of I sec. glvonmeter period of 90 sec, damping constants of I for both

thv >eismometer and Kal mieter, a coupling constant of 0.05, and magnification

0f 3000 (H. Kanamori. personal communication 1987). A calibration of the system

\. as started in 1962 but was never totally completed. Calibration of the vertical

component showed a peak magnification of 2700, 10% under nominal specifications.

Experience with the system suggests that instrument constants are good to

about 30%. Because calibration of the instruments can affect the results of

rotation of the data and the source equalization, it is of some interest to

examine the results of errors in the instrument constants. It will be assumed

tha: the receiver response is ideal consisting of motions confined to the

sarlltal plane containing the ray. Vector rotation of the horizontal displacement

components to obtain radial and tangential ground motions follows

U - CCSL1-) -U:7't sln~n,
l, (Al)

where the subscripts R and T denote radial and tangential motions,
respectively. and the subscripts N and E denote north-south and east-west

motions, respectively. u is the backazimuth angle to the source from the

receiver. If the respective instrument responses are given by in(t) and ie(t),

and R!t) is a common radial response for plane layered structure, then

2 2

L"." (A)

R " (:) - (.jt) } sPr2e/2 j
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I nb largest errors in rotation occur when 6 K S~ which gives

Tangntia moionin 'K - (t;(A3)

Tangential motion, in this case, is caused by differences in the instrument

responses of the two components. Clearly,. if small differences occur in the

responses then the radial motions will be little affected since the net response

will the average of the two. If magnifaction is known to within some factor E

such that

t ( [ ! ) i (A4)

0

%%here i(t) is the nominal response then, assuming a backazimuth of 450,

(A5)
1,:7 (t"E

Thus, the tangential component, in the worst case, will approximately be 30%

of the radial component if magnification is only known to 30% and will look

identical to the radial component in waveshape. The data for PAS (Figure 2) sluow

extreme differences in waveshape between the horizontal components which cannot

be due to magnification errors.

The equations for electromagnetic seismographs (Hagiwara, 1953) were used to

estimate the difference in instrument responses if 30% variations in the

instrument constants are assumed. Figure Al displays the results for amplitude

spectra. 30% changes in the galvonometer period and damping, and the seismometer

period and damping were assumed relative to the nominal response. Theoretical

* responses were calculated in the frequency domain and inverse Fourier

transformed to obtain impulse responses. Using equation (A3) as a guide, the

* -42-
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,,.." perturbed responses v, ere then su'tracted from the nominal response and then

I ourier transformed to obtain the amplitude spectrum. Thus, the four curves

Sbelow the nominal 1-90 response seen in Figure A I are the amplitude spectra of

the differenced impulse responses. They can be considered numerical derivatives

.t the instrument response if divided by 0.3. According to equation (A2). these

curves would also be the spectra of the tangential impulse response.

.-\ change in the galvonometer period or damping results in a response 2 to 3

* orders of magnitude lower than the nominal response in the band centered about

1 hz (Figure Al). Thus, it is not likely that errors in these parameters will be

of any consequence in the data. Changes of 30% in seismometer period produces

a tangential impulse response about a factor of 4 lower than the nominal

* response and looks nearly identical to the nominal response. A change in

seismometer period appears as a change in magnification. The tangential

K,, waveform would differ by only a constant compared to the radial waveform. A

change in seismometer damping, however, has the greatest change in the shape of

the spectrum. A 900 phase shift is evident at I hz which, for band limited data,

'.,ould make the tangential motion appear Hilbert transformed compared to radial

motion. Fortunately, this response is 1 to 2 orders of magnitude lower than the

nominal response. In summary, plausible changes in the instrument constants for
""'"

the 1-90 system cannot explain the anomalous particle motions seen in the data.

* It cannot be discounted that magnification errors may occur in the data. An

empiri::al test was made by comparing the ratio of north-south, east-west, and

vertical amplitudes of the first P pulse observed in the 1-90 data with that

seen in the 30-90 data, P-wave data for the 12/28/73, 03/23/74, and 11/29/74

events were used. Considering that the pass-bands of the two instruments are

-ft.' different, amplitude ratios of the different ground motion components between

* instruments were within 20% of each other.

Finally, the data can be used in a the test proposed by Langston (1979) to

* -43-
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6
:n 1, ,:tIle thIt lil ln or ol!tt-31zi1ut h :i-rl\. ik ur ( )i, U on lot h L t Wk; [ c'nipu it',

e ) ents Aith dIft'fe Ie t a\:kazi n IuthN. Fivure A2 shovs the f r'i 10 seconds of

f' waxe rms or the 0" 01 7 and 12 28.-'3 events ( nL -u 5.ee FiWure 2u ,

1:a\C been adjuoted to mat-,e the waveformto compariuon clearor and the

i'-, ,, ',es have been aligned in time. I1he arrow in the middle t)air of plots shows

toe location of the large Ps conversion studied in the main body of the paper.

I: clearly o:curs on the north-south component for the 02 '01 '73 event and on

'ioe east-west component of the 12, 28 '73 event. Likewise, the corresponding

east-est and north-south components (right pair of waveforms) show similar

-. "aveforms between events without the major arrival. This comparison shows that

%. both horizontal instruments behaved in a similar fashion for the same wave

,opoanaion effect.
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l [ii e - 11 vent P.arameters for la,:idei I:r

Origin Lat Lon Nib )epth DiM. B A Z Sta, L
i i I D m). (I__)De.,u (De.) Grout

._ - 15:50:33 I.IS I-9.2W t.2 63c 79.q 236.1 235
,, ,i, 20 TI 0;:28':0[ :3.4S 71.9W 6.0 551 81.9 234.8 235

C2 01 -' 05:14.20 -S 62.2W 6.1 29 -7.6 128.4 128
12 28 - 05:3'06 23.9S I80.OE 6.3 549 82.3 234.5 235 *

0 13 2 '74 14:28:35 23.9S I 79.8E 6.1 535 82.5 234.6 235 *

1 Cl 20 74 04:12:29 17.9S 178. OW 6.0 602 77.4 238.1 2.35
I '9 74 22:05:2 30.7N 138.3E 6.1 419 83.3 302.5 315

02 22,T5 2-:04:3-7 24.9S 179.1W 6.2 375 82.4 233.7 235
,06 29 7 10,37:41 38.8N 130.OE 6.2 560 83.9 313.2 315

01C )6 05:45:30 7.5S I I9.9E 64 614 120.0 28 2.4 235
12 . 7 6 01:03:50 28.ON 139.6E 5.9 491 83.9 299.7 315
09'237 8 16:44:26 1 L.0S 167.2E 6.5 200 85.4 249.9 235

S04 4,7 9 0C :56:14 20.8S 178.7W 6.0 450 79.4 236.0 235
05 13 '7 06:38:15 1 8.9N 145.3E 5.9 250 84.8 289.2 315
05 21,79 22:32:58 15.2S 70.1W 6.0 208 67.1 128.8 128

'V 06 '27 79 09:58:03 7.TIN 82.0W 5.8 150 42.9 120.6 128
08 16,79 21:42:44 41,8N 130.7E 6.1 588 81.5 315.2 315
11 i23,'79 23:49:04 4.8N 76.2W 6.4 200 48.6 117.4 128
12 11/80 18.26:26 21.3S 68.1W 6.1 100 72.9 131.6 128

• - Used in coda analysis

,A:
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Table " - Plane [avered Crustal Modelk

4 Layer 'rp (knsec) Vs (kmr 'sec) Density (em 'cc) Thicknes_; (lkn)

liadlev and Kanamori Model

I 5.5 3.0 2.6 4.0
6.2 3.5 2.7 16.0

3 6.8 3.8 2.85 11.0
4 4.5 3.1 10.0
5 8.3 4.8 3.35 -

Low Velocity Zone Model

1 5.5 3.0 2.6 4.

2 6.2 3.5 2.7 6.
3 6.5 3.75 2.7 5.

4 5.6 3.23 2.7 6.
5 6.6 3.81 2.8 2.

* 6 7.2 4.16 2.9

7 7.4 4.27 2.95 2.
8 7.6 4.39 3.0 5.
9 8.0 4.62 3.2 6.

1 .0 8.3 4.8 3.35 -

-'
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fable 3 -, and -Determinations for Coda Stacks

. L east-Square s Fit
",' , Stac, vtercetpt Slope Stand.Dev. -Q, High 0 Low 0

Simu ation -0.7( -0.050 0.079 544 0.229 784 380

Simulation -0.985 -0.0098 0.057 584 0.045 761 450

',\S Data -0.789 -0.0047 0.075 239 0.022 337 169

> CF Data -0.984 -0.00§2 0.105 5S2 0.043 944 359

S:rinu Q determinations where found using equation (21) for a 30 km thick
%::"""I, , Laver with an average P velocity of 6 km,'sec.)

.
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Table 4 - Event Parameters for State College Datu

Origin Lat. Lon. Nib Depth Dist. BAZ
Date Time(UT) (Deg.) (Deg.) (ki) (Deg.) (Deg.)

12/21/83 12:14:18 28.2S 63.2W 602 70.0 166
08/081/85 16:35:58 6.1S 1 134E 5.7 596 144.0 341
08/12/85 04:36:43 7.0S I 17.2E 5.6 599 143.8 334
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F,ioure 1: Sketch nip Ot southern California showing the location of PAS station

&:iid l. or faults ,! the area,

Ficure 2: Selected datai from deep earthquakes (see Table 1) recorded on benioff

1-90 instrumentation at PAS. Z, NS, and EW waveforms denote observed

ticat. north-south, and east-west components. R and T waveforms are the

of rotatirre the observed horizontal components into the theoretical

backazimuth of the r\. The distance and backazimuth angle are given, in

ord-er. in the pa.-irantheses to the right : each e'ent's date. Note the time

scale difference for event 01,237 76.

Figure 3: Stacks of source equalized radial (top) and tangential (bottom) data for

* the three azimuthal groups considered in the text. The average and + one

standard de\iation waveforms are shown in each panel. P and Ps arrivals

are annotated.

(A) 128 Degree group

(B) 235 Degree group

(C) 315 Degree group

Figure 4: Comparison of the stacked radial and tangential equalized waveforms

for the three backazimuth groups. Note the azimuthal dependence of the Ps

conversion on the radial components. The waveforms have been shifted in

baseline for viewing purposes.

, Fiure 5: Particle motion plots for the 315 and 235 degree equalized waveforms.

The waveform data are displayed above the radial (R or RADI) - Tangential (T

* or TANG, particle motions. Arrows are shown on the particle motion plots

every C.5 sec. 'aveform data included within the brackets are plotted

beow. Maximum amplitude for each waveform is shown to right of the

• waveform. Note that the P waves in both cases are polarized in the

expected ray direction but the inferred Ps conversions have a polarization

0 -49-
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L
annmial\ of1 45 degrees.

Fijure b. Comparison of data from the 1129/,74 esent recorded on 1-QG (botlom

and 30- ;0 instrumentation at PAS. The arrows show the location of the ',

conversion discussed in the text for both data sets. Note particularly the

extreme amnplitUde of the Ps conversion relative to the first P arrival on

both IPN and LPN components.

Figure 7 Particle motion plot of the horizontal data for the 01/23.'76 event.

Data included within the bracket are plotted below with arrows occurring

eserv 0.5 seconds. The Ps conversion is polarized almost perfectly

northward and indicates the direction of dip of the causitive interface.

Figure 8: Comparison of synthetic radial waveforms for the two models of Taole

2 with the 235 degree radial waveform stack. The arrow for the H-K

.. (Hadlev-Kanamori model) waveform shows the location of the Ps conversion

from the Moho. The arrow for the LVZ (Low Velocity Zone model) waveform

shows the location of the Ps conversion produced at the base of the

crustal low velocity zone. The baselines of the synthetic waveforms have

been shifted for viewing purposes.

Figure 9: Velocity depth functions for the Hadley-Kanamori model and the LVZ

model used in constructing the synthetic seismograms of Figure 8. Also

shown are the stochastic ID models used in the calculation of the synthetics
V'.

displayed in Figure 10. Note that velocity and depth scales are different

among the plots.

Figure 10: Typical plane wave synthetic seismograms computed for three

realizations of ID stochastic velocity structure. Vertical and radial

displacement components are shown. The top traces are for a model

containing a layer 30 km thick with an average velocity of 5.5 km/sec and a

N,, standard deviation 10% of the average. The center pair of synthetics are

for the same crustal model as the top pair but with the addition of a high

-50-
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F ~ ,...,,. I!li iij~~ ,~ ,------------

eiocitv (8.0 km sec) halt'space. The arrow points to the Nlolio Ps conersion

on the radial component. The lower pair of synthetics were computed using

a laver thickness of 60 km, average velocity of 6 kn'sec and velocity

standard deviation of :0%. Ps conversions and re'erberat ions start to

nttain amplitudes seen in the PAS data.

Figure I: E:., lope stack of the three-component data of four earthquakes (see

,Tabi, I) rccorded at PAS. The envelope is shifted 10 seconds for display

,urposes. Lines show predicted coda levels for assumption of scattering Q's

J10. 'CI0, 300, and 400 using the wholespace energy flux model (equatio

,. Scattrin Q at PAS is approximately 200 to 300 but the coda appears

to decay slightly faster than predicted by the model.

SFigure 12: Coda envelope stacks for the ID simulation. The "10%" envelope is

% ,,the stack of 18 vertical and radial synthetic seismograms produced by 9

realizations of the 30 km thick layer model with average velocity of 5.5

km sec and velocity standard deviation of 10%. The "20% envelope is the

stack of 20 vertical and radial svnthetic seismograms produced by 10

realizations of the 60 km thick layer model with average velocity of 6

km/sec and velocity standard deviation of 20%. The straight lines are

least-squares fits of the coda. Qs values are those inferred from the zero

lapse time intercept of the linear fits (see text). Note that coda decay in

• the ID simulations agree with the assumption that coda energy follows a
--. "

"--A- diffusion law for leaking into the halfspace. Coda decay is controlled

entirely by this process in the ID simulations.

* Figure 13: Three component data recorded at SCP (State College, PA) on the

DWSSN intermediate-period system (Table 4). Long-period noise seen on some

horizontal waveforms (e.g., 08/12/85) was largely removed by the bandpass

* filter used in this study.

Figure 14: Envelope stacks of the PAS and SCP data showing least-squares fits

S-'. -51-
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of a line through coda with lapse times greater than 10 seconds. Qs

inferred from each lines' zero time intercept is also displayed. Coda excited

at PAS attains higher levels and falls off more slowly than coda at SCP.

Figure Al: Amplitude spectra of the nominal Benioff 1-90 response (top) and

response differences (lower curves) assuming 30% variation in damping and

free periods of the zeisrnometer and galvonometer of the system.

Parameters hs, hg, Ts, and Tg are the seismometer damping, galvonometer

damping, seismometer period (sec) and galvonometer period, respectively. See

text for explanation.

Figure A2: Comparison of Benioff 1-90 three component data from the 02/01/73

event (top) and the 12/28/73 event (bottom). Polarities have been reversed

for the vertical (Z) and east-west (E) components of the 12/28/173 event for

- comparison purposes, The vertical components are simple showing a single

impulsive P wave. The arrow shows the location of the major Ps conversion

considered in the this study. It occurs primarily on the N component for

the 02/0','73 event and on the E component for the 12/28/73 event. Likewise

it is not obvious on the other respective horizontal components (right side)

showing that both horizontal instruments respond similarly to the same wave

propagation effect.
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Scripps Institute of Oceanography
Univ. of California, San Dipgo

La Jolla, CA 92093

Professor Keith Priestley

University of Nevada

Mackay School of Mines

Reno, NV 89557

4... I.er Rivers

*,~ ~.Telo yne Geotech

314 Montgomery Street
Alexandria, VA 22314

Professor Charles G. Sammis

Center for Earth Sciences

University of Southern California

University Park

Los Angeles, CA 90089-0741

.r, Dr. Jeffrey L. Stevens

S-CUBED,

* A Division of Maxwell Laboratory
P.O. Box 1620

La Jolla, CA 92038-1620

Professor Brian Stump

Institute for the Study of Earth & Man

Geophysical Laboratory

a Southern Methodist University

Dallas, TX 75275

Profpssor Ta-liang Teng

Center for Earth Sciences
University of Southern California

University Park

Los Angeles, CA 90089-0741

'Professor M. Nafi Toksoz

Earth Resources Lab

Dept of Earth, Atmospheric and

Planetary Sciences

Massachusetts Institute of Technology

* - 42 Carleton Street

*" Cambridge, MA 02142

Profes;or Terry C. Wallace

Dppartment of Geosciences

pBuilding #11

University of Arizona

Tucson, AZ 85721

. Weidlinger Associates

• ATTN: Dr. Gregory Wojcik

620 Hansen Way, Suite 100
Palo Alto, CA 94304
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Professor Fr~nclS T. Wu

1epartmollt of ;eological Sciences
Stite University of new York

At Binghamton

V;?stal, N;Y I3~D

.11
.~J 1^
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-.. OTHERS (United States)

Dr. Monem Abdel-Gawad
Rockwell Internat'l Science Center

' ~1049 Camino Dos Rios

Thousand Oaks, CA 91360

Professor Shelton S. Alexander
Geosciences Department
403 Deike Building
The Pennsylvania State University
University Park, PA 16802

Dr. Ralph Archuleta
Department of Geolog4 .al

Sciences
Univ. of California at

Santa Barbara
Santa Barbara, CA

V.

Dr. Muawia Barazangi
Ceological Sciences
Cornell University

Ithac, NY 1.4853

J. Barker
Department of Geological Sciences

State University of New York
at Binghamton

Vestal, NY 13901

Mr. W|iiam J. Best
907 Westwood Drive

Vienna, VA 22180

Dr. I. Biswas

Geophysical Institute
University of Alaska

V. Fairbanks, AK 99701

Dr. G. A. Bollinger

Department of Geological Sciences
Virginia Polytechnical Institute

* 21041 Derring Hall
Biackqburg, VA 24061

Dr. T1imns Bulan
Rockwell lnt'l Science Center

10/4-9 Camlno Dos Rios
1 ,.O. Bo:< I8O 5
T bodan Oaks, CA 91360

Mr. Roy Burger
"221 Serry Rd.
"chenectady, NY 12309

-6-
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Dr. Robert Burridge
Schlumberger-Doll Resch Ctr.
Old Quarry Road
Ridgefield, CT 06877

Science Horizons, Inc.
ATTN: Dr. Theodore Cherry
710 Encinitas Blvd., Suite 101
Encinitas, CA 92024 (2 copies)

Irofessor Jon F. Claerbout
Professor Amos Nur

Dept. of Geophysics
V Stanford University

Stanford, CA 94305 (2 copies)

Dr. Anton W. Dainty
AFGL/LWH

Hanscom AFB, MA 01731

Professor Adam Dziewonski

Harvard University
20 Oxford St.

-e, Cambridge, MA 02138

Professor John Ebel

Dept of Geology & Geophysics
Boston College
Chestnut Hill, MA 02167

Dr. Alexander Florence
SRI International

333 Ravenswood Avenue
Menlo Park, CA 94025-3493

Dr. Donald Forsyth
Dept. of Geological SciencesBrown University

Providence, RI 02912

Dr. Anthony Gang!
Texas A&M University
Department of Geophyslcs

College Station, TX 77843

Dr. Freeman Gilbert

Tnstitute 6f Geophysics &
0 1Iianctary Phys ics

Univ. of California, San Diego
'.O. Box 109

L:i Jolla, CA 92037

Mr. Edward Giller

* "icitlc Selrra Research Corp.
1 01 Wilson Boulevard
Arlington, VA 22209

* 7-A
o

-NNA



Dr Jeffrey W. Given

Sierra Geophysics
" 11255 Kirkland Way

Kirkland, WA 98033

Dr. Henry L. Gray

Associate Dean of Dedman College
Department of Statistical Sciences

Southern Methodist University

Dallas, TX 75275

Rong Song Jih

Teledyne Geotech

314 Montgomery Street

Alexandria, Virginia 22314

Professor F.K. Lamb

University of Illinois at

Urbana-Champa i gn

Depactment of Physics
1110 West Green Street

Urbana, IL 61801

Dr. Arthur Lerner-Lam

* Lamont-Doherty Geological Observatory

of Columbia University

Palisades, NY 10964

Dr. L. Timothy Long

School of Geophysical Sciences

CGoorgia Institute of Trechnology
Atlanta, GA 30332

Dr. Peter Malin
TTniversity of California at Santa Barbara

Ins tit.ite for Central Studies
Santa Barbara, CA 93106

Dr. Ceorge R. Mellman
Sierra Geophysics

11255 Kirkland Way

Kirkland, WA 98033

%e r n

* Dr. L-rnard Minster
Institute of Geophysics and Planetary

Physics, A-205

Scripps Institute of Oceanography

Univ. of CaliFornia, San Diego

La ,Jolla, CA 92093

Dr. r;eza Nagy

SRI International
333 Ravenswood Avenue

Menlo Park, CA 94025-3493

Dr. Jack Oliver

r. Department of Geology

Cornell University

Ithaca, NY 14850

-8-
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Dr. Robert Phinney/Dr. F.A. Dahlen
Dept of Geological

Geophysical Sci. University
Princeton University
Princeton, NJ 08540 (2 copies)

RADIX Systems, Inc.
Attn: Dr. Jay Pulli

2 Taft Court, Suite 203
Rockville, Maryland 20850

Professor Paul G. Richards
Lamont-Doherty Geological
Observatory of Columbia Univ.
Palisades, NY 10964

Dr. Norton Rimer

S-CUBED
A Division of Maxwell Laboratory
P.O. 1620
La .Tolla, CA 92038-1620

Professor Larry J. Ruff
Department of Geological Sciences
1006 C.C. Little Building
University of Michigan
Ann Arbor, MI 48109-1063

Dr. Alan S. Ryall, Jr.

Center of Seismic Studies
1300 North 17th Street
Suite 1450
Arlington, VA 22209-2308 (4 copies)

Dr. Richard Sailor
TASC Inc.
55 Walkers Brook Drive
Reading, MA 01867

Dr. David G. Simpson
Lamont-Doherty Geological Observ.

of Columbia University
* Palisades, NY 10964

*:~Dr. Bob Smith
Department of Geophysics
University of Utah

1400 East 2nd South
Salt Lake City, UT 84112

Dr. S. W. Smith
G-ophysics Program
University of Washington
Seattle, WA 98195

• Rondout Associates
ATTN: Dr. George Sutton,
Dr. Jerry Carter, Dr. Paul Pomeroy

P.O. Box 224
Stone Ridge, NY 12484 (4 copies)

* -9-
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Dr. L. Sykes

Lamont Doherty Geological Observ.
Columbia University
Palisades, NY 10964

Dr. Pradeep Talwani
Department of Geological Sciences
University of South Carolina
Columbia, SC 29208

Dr. R. B. Tittmann
Rockwell International Science Center

1049 Camino Dos Rios
P.O. Box 1085
Thousand Oaks, CA 91360

Professor John H. Woodhouse
Hoffman Laboratory
Harvard University
20 Oxford St.
Cambridge, MA 02138

Dr. Gregory B. Young
,% ENSCO, Inc.

5400 Port Royal Road
Springfield, VA 22151-2388

SS.
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OTHERS (FOREIGN)

Dr .Potcr Basham
'Cirt h 1hvs ics Branch
Geological Survey of Canada
I Obskzrvatory Crescent
Ot , Onl, 1tario
CANADA KIA 0Y3

Dr. E duit-d Berg
Inslltitute of Geophysics

w~. University of Hawaii

lion,)hilu, HI1 96822

Dr. Micliel Bouchon - Universite
Scientifique et Medicale de Grenob

Lab do G-ecphysique -Interne et
Tiectonop]-ysique -I.R.I.G.M-B.P.

3B402 St. Martin D'lleres
Codex FRANCE7

Dr. Ililmar Bungum/NTNF/NORSAR
* -P.C. Dox 51

\'i)rweglon Council of Science,
industry and Research, NORSAR
11-2007 Kieller, NORWAY

lr. ihe Carspillo
>R.I&.M.B.P.68

35S40-2 St. Xartin D'Heres
-edex., FRANCE

Dr. Kin-Yip Chun
Geophysics Division
Phys ics Department
University of Toronto
Onitar i o, CANADA 115S IA7

Dr. .Alin Douglas
Ministry of Defense

1 Vrknost, Briinpton,
* RpedndT RS7-4RS

Dr. -Mof red Henger
111. L. For Ceosciences & Nat'l Res.

P')stf i(Ji '10153
*D-30(02' Hatnovur 51

PEPCL KLBL IC OF GERMANY

N-3 je,!Ier, NORWAY
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• Tormod Kvaerna

NTNF/NORSAR
P.O. Box S1

N-2007 K-eller, NORWAY

Mr. Peter Marshall, Procurement

'xccutive, Ministry of Defense

Blacknest, Brlmpton,

RcadinG FG7-4RS

UNITED K[N;GDOM (3 copies)

Dr. Ben lMenaheim

Weizman Institute of Science
Rehovdt, ISRAEL 951729

Dr. Sveln Mykkeltveit~NTNF /NORSAR

P.O. Box 51
N-2007 Kjeller, NORWAY (3 copies)

Dr. Robert North

Geophysics Division

Geological Survey of Canada

I Observatory crescent

* Ottawa, Ontario

CANADA, KIA OY3

Dr. Frode Ringdal

NTNF/ .NORSAR

P.O. Box 51
N-2007 Kjeller, NORWAY

Dr. Jorg Schlittenhardt

?' d_ Inst. for Geosciences & Nat'l Res.

.os tach 510153
'* Q. U-3000 iannover 51

FEDERAL REPUBLIC OF GERMANY

'.nivers;ity of Hawaii

% l.. n;Litore of Geophysics

A"FTN: Dr. Daniel Walker
% llotiolulu, HI 96822

.
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FOREIGN CONTRACTORS

Dr. Ramon Cabre, S.J.
c/o Mr. Ralph Buck
Economic Consular
American Embassy
A1'0 Miami, Florida 34032

Professor Peter Harjes

Institute for Ceophysik
Rhur University/Bochum
P.O. Box 102148 4630 Bochum I
FEDERAL REPUBLIC OF GERMANY

Professor Brian L.N. Kennett

Research School of Earth Sciences

Institute of Advanced Studies
C.P.0. Box 4

Canberra 2601
AUSTRALIA

Dr. B. Massinon
Societe Radiomana
27, Rue Claude Bernard

* 7.005, Parts, FRANCE (2 copies)

Dr. Pierre Mechler
Societe Radiomana
27, Rue Claude Bernard
75005 Paris, FRANCE

1
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*GOVERNMENT

Dr. Ralph Alewine III

DARPA/NMBO
1400 Wilson Boulevard

Arlington, VA 22209-2308

Dr. Peter Basham

Geological Survey of Canada
L Observatory Creseut
Ottowa, Ontario
CANADA KIA OY3

Dr. Robert Blandford
DARPA/NMRO
1400 Wilson Boulevard
Arlington, VA 22209-2308

Sandia National Laboratory
ATTN: Dr. H. B. Durham

Albuquerque, NM 87185

Dr. Jack Evernden
DUSGS-Earthquake Studies
345 Middlefield Road

* Menlo Park, CA 94025

U.S. Geological Survey
ATTN: Dr. T. Hanks
Nat'l Earthquake Resch Center

345 Middlefield Road

Menlo Park, CA 94025

Dr . James Hannon
Lawrence Livermore Nat'l Lab.

P.O. Box 808
Livermore, CA 94550

U.. Arms Control & Disarm. Agency
ATTN: Dick Morrow
4Wa .hL ngton, D.C. 20451

",li .Joainson
L'ES-4, Mail Stop J979

* Aar-os National Laboratory

A~"Lho, ,Alamos, NTM 87545

'Is. Ann Kerr
DAR PA NNIRO
!-'P,.'oK '.4i1I on Boulevard

* ArL,,,ton, VA 22209-2308

Dr. Max Koontz
US Oopt of Energy/DP 331

" FUorre;tal Building'
%J1
. [100 Ina,?pendence Ave.
* Wshlngton, D.C. 20585
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,[ Dr. W Ii. K. Lee

(ft . of E.rirthquake; , Volcanoes,
:; g. nee [ng

Sr ich o' Seismology

3-5 Midfeid Rd
Xenlo l'cirk, CA 94025

USGS Liam Leith

i>s Io -, VA 22092

'" Dr, Rsqbert Marse

15 '3046, Mail Stop 967
Dou:Lvr Federal Center
X>n'vr, Colorado 80225

• ~..\ C D,,/V I

R-om 57"]1
3?2 )st Street N.W
.' ,i ngLon, D.C. 20451

* 'r. KInth K, Nakanishi
.,4irence Livermore National Laboratory
P.O. box GO8 L-205
T Lvermore, CA 94550 (2 copies)

Dr. Crt' Newton
Loc Ai.mos National Lab.
p'o. Box 1663
Mail Stop C335, Group E553
Los Alamos, \M 87545

Dr. Kenneth H. Olsen
Lno Alamos Scientific Lab.
Post Office Box 1663
Lo3 Alamos, NM 87545

Howard J. Patton
L-iwr,,rnce Livermore National Laboratory

P.O. R,. 808, L-205
'r:,ir, CA 94550

"AT TS: C 1 Jerry J. Perrizo
., BldG ".10

Ba A I F. .', Wash D.C. 20332-6448

e Att Dr. Frank F. Pilotte

-" Patrick ,<'3, Florida 32925-6001

Jr. lack P-chl fn
:!;S --G eology, Rm 3 C136

;ii Stop 928 National Center

Rest,,n VA 22092
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Robert Reinkc

AFWL/N-rSG
Kirtland AFB, NM 81117-6008

HQ AFTAC/TGR

At'n Dr. George H. Rothe

Patrick AFB, Florida 32925-6001

Donald L. Springer

Lawrence Livermore National Laboratory
P.O. Box 808, L-205

ivermore, CA 94550

Dr. Lawjrence Turnbull

()SwR/NED
Central Intelligence Agency

CIA, Room 5G48

Washington, D.C. 20505

4% Dr. Thomas Weaver

Los Alamos Scientific Laboratory

Los Almos, NM 97544

AFGL.S JLL

*Research Library
, anscom AF, MA 01731-5000 (2 copies)

Secretary of the Air Force (SAFRD)

Washington, DC 20330

-Office of the Secretary Defense

DR &
"4ashington, DC 20330

H{Q DNA

ATT': Technical Library

Washington, DC 20305

'Dirt'r, Technical Information

-,, IlsOn Bivd

1LArinton, VA 22209

S"" A}:f;A /7 ,
• l~~l!.:t om AFB, I'i . . . ,

, Ar Lt-/W/

*" iI1a ,om AFB, MA 01731-5000

* ;'1 40 ' flson Boulevard
:ArLington, VA 22209

Dfifnse Technical

[nformation Center

Ca;meron Station

Ai xandria, VA 22314

(12 co)pies)
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Defeive Intelligence Agency

Directorate tor Scientific &

Technical Intel li ence
ashington, D.C. 20301

Defense Nuclear Agency/SPSS

ATTN: Dr. Michael Shore

6801 Telegraph Road

Alexandria, VA 223L0

ATAC/CA (STINFO)
Patrick AFB, FL 32925-6001
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