€ 211

€5

taa,c

*-.

:"‘3
4

AFGL -TR-88-0100

Scattering Under Pasadena, California

Charles A. Langston
Rov J. Greenfield

Pennsylvania State University

114 Kern Building
iniversity Park, PA 16802

1 April 1988

Scientific Report No. !

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

AIR FORCE GEOPHYSICS LABORATORY
AIR FORCE SYSTEMS COMMAND

UNITED STATES AIR FORCE
HANSCOM AIR FORCE BASE, MASSACHUSETTS 01731-5000

\)N \-'.h":).

o

-, T -,‘-4J

ir? $'“ \.Aﬁ
»

2

" o
\i\‘\




REPORT DOCUMENTATION PAGE
!?a REICAT SEZLRITY JLAS3FICATICY th. RESTRICTIVE MARK NGS
! JnclaSSL:Leq
i:;..&i;,:"v camIior TICN AuTHOR. 7Y 3.0.8TRIBUTION - AVAILABILITY QF REPQRAT
* Approved for public release;
L - 2L AsS ’
n DEZLASS e CaTy DOWNG NG SCED . : . PR
! 3= 33 CATION COWNGRADING SCEDULE distribution unlimited
. 14 PESFIAMING SRULANIIATICON REPCHT NUMBERLS, 5. MONITORING QARAGANIZATION REPORT NUMBER'S,
AFGL-TR-88-0100
Fa AN JF 2EAFIAN NG JRAGANIZATION Ko CFFICE SYMBOL 7a. NAME OF MONITCRING ORGANIZATICN
DT iy Teama Tty s 117 appuicable: . - . i
- s SEate _alversoiv Alr Force Geophvsics Laboratory
Ste AT SS T L carsanmg UE Joae T ADDRESS (Culy, >late ang LIP CToae,
ees el :u;~Afna: . Hanscom AFB
Tlversiiv fard, P 502 - 7
. , PA 1n30 Massachusetts 01731
:’5, e A ::‘ I _.'..’T N BPCNSORING 9p. JFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENMTIFICATICN NUAMBER E
g CRIANIZAT N df appucudie:
. AIGL F19628-87-K-0024
I . J—
!x Ll ol 2 0P Juces ‘0 SCURCE JF FUNGING NCS
SansooT AFR, oMA 0LT31 PACGRAM | PRCUEC i TASK 1 ATRK UNIT
ELEMENT NO. NC l NO. ! NG
|
= l I
T T T2 Imciade dvcurity Cldssif.caiion 61101[; ) 7A10 ‘ DA (N
Scattering Under Pasadena, talifornia
ol
02 T-ZA5 ~ : p
Langston, Charles A.; Greenfield, Roy J. o
1
r 1Za TYFEZF RESCAT lo T 15: /&;72 /31/88 td OATE 2F REPORT ,Yr, Mo.. Days 15. PAGE CCL T “
scientailic No. | cace U 7 vo 1988 April | 96 ]
16 SUPP_ 2 NT AR O NCTAT N
1] CTCES 18 SUBJECT TERMS (Continue on reverse if necessary ana identify by blocr numoer)
FiELT - Su8 CR scattering, Teleseismic Body Waves, CODA (4, Anelasticity,
—_JReceiver  Functious, Ps Conversions
19 A8STRAC™ (untinue ja reverse ./ 1@ rysar und gdenti’y by Slock number:
> : rorviver fuuctions tor structure under PAS (Pasadena, CA) are derived f rom
vathal tv—distrikuted teleseisnic P waves recorded on Benioff 1-90 instrumentation.
e Sread-hand faree-comnenent Benfoff 1-90 system is peaked at one sec period and
q1lows resolution of major crustal interfaces from large Ps conversions seen in the
recoiver cunction Jdata.  ihe observed body wave data are quite complex showing
ex entionally Tarse Po conversions and scattered waves on horizontal components. Radial
and tan.ential motions are of equal magnitude and show major off-azimuth converted Ps
waves su-cesting large scale crustal heteroceneity beneath the station. V Stochastic
- simulatic: s o~ I plane lavered structure show that geologically unreasonable ID models
Are recaired o fit the dara.  the observed coda decay vields a scattering Q estimate of
23 a2 osers period usine an enerpv flux model for a propagating plane wave interacting
- citi 4 soattering laver over a homogeneous halfspace. Observed and svnthetic coda decay
Follows the theoretical exponential decav predicted by the model and is due entirely to _
I8 LTl Lt A sar AaBTLIT Y DF adsSTRACT 21 ABSTRACT SECURITY CLASSIFICATION \
.
MG Ad3 i En Lo wED — same as aer oric users O Unclassified
I8 CemME LF BELPTNS Sz NOIVIDLAL 22b TELEPHCONE NUMBER 22¢ OFFICE SYWMBCL
Inciuae irea Code:
James Lewkowicz (617) 377-3028 AFGL/LWH
DO FORM 1473, 33 APR EOITICN OF 1 JAN 73S OBSCLETE Uncl ified
. classifie

SECLRITY CLASSIF CATION OF THIS PAGE

. " (-‘.-“":Af:)"):‘f"q\"""1--‘ "'}"J"‘lw.'}l,A\*-"h hd \N y.ﬂw"ﬂ“ Y{Uh‘{v " "r -ar ol ] 'f'{‘,' - '.‘F}F '
m‘:ﬁﬁﬂ_’l" Wiere o ““‘ %t \' S ) s T W .o\ % q’ a.?. “’n‘ o'l \ .‘ ‘h :.



ot
(f.-ln‘f.v'_
R I
&,

S
7
Iy

k.'}.'_'.'_ .

..'I“'p*.v.' ;l. :‘ hg
Y Y

rd

' )
s
fﬁﬂ/{ﬁ _

RN
v

k.,\

5

.;' -' "
R e o
AR .

e

‘
"
3y
(

LR VS

LRI

“w
i AR
PO

' M v b L = A o ¥ - 0 . g D g
CW T WU VW e e e

Unclassified

SEQURITY CLASSIRICATION OF THIS PAGE

diirusion ot coda enersy out of the laver into the halfspace. PAS coda is compared to

coda trom 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.  Analvsis

o 2 major Ps conversion arriving 3 seconds atter direct P indicates that a major cructal
discontinity at about 20 km depth dips at high angles tu the north under the San Gabriel
Mountains. This interface probablv represents the crustal tectonic boundary between tnu
rainsverse rances and the Los Angeles basin.

Unclassified

SECURITY CLASSIFICATICN CF THIS PAGE

2?‘¢\k"¢)¥~
-

it 1" TG R W,

;'H:rfwzf” S




o
o
N
N
3
jt Table of Contents
| Fage
o List of Scientists Contributing to Report . ... ............ iv
G List of trublications Kesulting from Total
‘ or Fartial Sponsorship ... ... . L. iv
! Report SUMMATY . . .« o o oo e v
> Task Cbjectives . . . e v
) lechnical Froblem o000 000000 00 v
&: General Meﬁhodology .................................. v
2, Technical kesults ... ... vi
Y Important Findings and Conclusions .. ... ............ .. vii
( Signiticant Hardware Development ... ... ... .. .. ... ... .. vii
X Special Comments .. ..., vii
:ﬁ Impiications for Further Research ..... .. ....... .. . ... vii
-7 Scattering Under Pasadena, California ... ... ... ... .. .. .... 3
‘:} ADSTIact .. Z
Nt Introduction .. ... ... 3
® FAY Station and Regional Structure ... ... ............. 5
L [ata and Source Function Equalization ................ 7
- Deterministic Modeling of the Ps Conversion .......... 11
o 3tochastic Structure Modeling ... ... ... .. . ... ... ....... 14
e Energy Flux Models for Plane Wave Scattering ......... 18
e Discussion . . ... .. e 29
( Conclusions ... . . 34
;f, Acknowledgements . ... ... 36
db References ... . . e 37
, AppendlX . .o e 41
: Tables . . 45
ta Figure Captions . ... .. . ... .. 49
" Figures .. e 53
:
N
A\
&l
~i
‘-
L
s
%
¥ erenai
\".J Aceceasion For
;: VTI RARI V
. A )
LN oomoL L ueed L1
s AT Lt
. bl e
i R
L C e ]
! ‘1 “ton/ E
'_: eateovality Conea
§ : Svetd) and/fer h
Ciat o lpaaiel
g i i
3 Al
@ iii i ' ‘ 4
a' B
'
-

N T o A o, i o e
DO X et et

(AU D A T ) v Rt \ DO it .
AU OCTUCT T RS 02 MO M Y l‘.-.'. g' X n“.ﬂ-." W \\v'ﬂ’.ﬁ, t‘ Ao .n‘,.ﬂ M k) ..:'.’:'." U MY “}:‘ LU X ?l A.:'lf:\.:'l.- .‘,\.‘%"’




AN . o, . o, T ‘2 an T v e
! ":
B >,

®

\‘,
il

'~

N

l‘\j

:¢ List of Scientists Cuntributing to RKeport
( i ¢.A langston
l:}
o List of Fublications Resulting from Total or Fartial Lponsorship
e

- Vogtjord, K 3., and C.A. Langst-n (1487).  The Meckering earth:
'g: quake of 14 OQOctcober 1968: A possible downward propagating

o rupture, Bull. Seism. Soc. Am., 77, 1558-1578K.

e
;“2 Langston, C.A.(1987). Depth of tfaulting during the 1468 Mecker-
o ing, Australia, earthquake sequence determined tfrom wavetform

analysis of local seismograms, Jour. Geophyvs. Res., 32,

e 11,561-11,574.

.:':-\,,

N Varadan. V.K., A. Lakhtakia, V.V. Varadan, and C.A. Laug-

o stan{1987). Radiation characteristics of elastodynamic line

> scurces buried in layered media with periodic interfaces.].
®, SH-wave analysis, Bull. Seism. Soc. Am., 77, 2181-2191.

A9
o

N Varadan, V.K., A. Lakhtakia, V.V. Varadan, and C.A. Lang-

AY ston(1987). Radiation characteristics of elastodynamic line

)

ey
'al's

sources buried in layered media with periodic interfaces.II.
P- and SV-wave analysis, Bull. Seism. Soc. Am., 717,
2192-2211.

-ﬂ‘%‘,..l

"
P n"u"l’
.ty

i g

i"‘-“.

k);.

el i ol e
"l'\.');-ﬂ

«
HC o

%

(L] J

- n
s )“J")"J e 3

S ek
o

a s
L

4

S

T aal
Iy Pl
r‘l}'{‘“ i

‘:';}'x 2y ‘r"‘)

a,
2y

ry

-

iv

>

A

Y

0 29" 4

N R - LEadd T R it Lot L A o Pt e o LT A O
(ot ' R R e : Ly ™ AN N R P e M s T )



L
et |

hY

(NS

A %

'

e
I‘_

P
Y

: ¥
A& '.
LLris LA

~

v
-

L A@

Report Summary

Task Ubjectives

The general obuyec~tive of this research is to understand the
factors important in shaping the seismic signature of small
events recorded at local and regional distances. Speciric obiec
tives are 1) the i1dentification of deterministic aspects of the
wavetield from small earthquakes and explesions to allow the
interence of source depth and other source parameters, and ) to
understand the effects of scattering and lithospheric heteroge-
n=ity on the propagation of high frequency regional phases. The
sombined analysis of "deterministic” and "stochastic” wave propa-
gaticn effects is required to unravel the complexity of regional
phases for the purposes of event discrimination.

Regional phases from small events are affected by complex
intera~tions between source radiation and wave propagation
offects due to structure in the crust and upper mantle. Becanse
observations are contined to the high frequency band (> hzy,
Iithospheric 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
Structure.

Arn aspect of the problem of regional wave propagation is
examined here involving the nature of coda associated with major
arrivals. Simple wheolespace scattering models are often applied
to 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 socurce magnitude, once cal-
ibratea. Factors atftfecting the level of scattering near the
source and near the receiver are alsc obviously important in
vield estimation problems and waveform modeling for source par-

ameters. It is important. therefore, to investigate the maior
assumrptions contained in these wholespace models and to determine
which are appropriate. This was done by simplifying the wave

propagation regime of a source in a scattering medium to that of
the plane wave incident to heterogeneous structure under a
receiver. Observed caoda in broad-band teleseismic receiver func-
tions was simulated through computation of synthetic seismograms
for 10 stochastic structures and through the construction of
energy tlux models for wave propagation in a scattering layer

over a homogeneous halfspace. The results suggest that the gross
geometry ot the scatterers is very important to the problem of
aora e cay and caoda level and that wholespace models signifi-

cantly misvepresent the coda.
Genersi Methodology
Froaa Land data from deep earthguakes recorded at the sta-

tion- PAS FPacsadena, CA) and SCE (HUtate College, PA) weve ana-
lyz=d frem a point view that the coda behind direct P was due to
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wave scattering in a heterogeneous medium under the respeotive

receivers. The data at PAS written by simple, deep
earthquakes show very complex, high amplitude, znd long duration
coda. An analysis of Ps conversions in the first 10 seconds of

the waveforms shows that structure under the station is three:
dimensional since significant particle motivns occur ont of the:
sagittal plane of the ray. (Of interest to this diz~cussion is
the nature of scattering induced by complex structure and the
formation of P coda.

Plane layered stochastic structure models were rconstructed
nsing a random number generator with an exponential spatial cor
relation functicon and a correlation length of 1 km (e.g., Fran-
kel and Clayton, 1986). This was done to explore the degres of
1D heterogeneity required to mimic the observed data. Synthetic
seismograms for an incident F plane wave under the randomly
layered models were constructed using the Thompson-Haskell tech-
nigue.

An energy flux model was developed tor the plane wave
response of a scattering layer over a homogenecus haltspace.
This was done to explain aspects of the !D simulations as well as
parameterizing the receiver function data. The major assumptions
in the model are baszed 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
behavior in small regional earthquakes (Aki and Chouet, 1975;
Dainty and Toksoz, 1877).

Technical Results

Summarizing the derivation, the coda amplitude is given by

A~ = —

~
“

Vv ID e+wtd/2Qs (1- e-thd/Qs )é e-yt/Z
—

- d

where,
ID = integra! of the squared velocity of direct P
ty = h/a

h = layer thickness

a = P wave velscity

w = circular frequency
). = scetterin

g g Q

y = diffusion constant for layer boundary.
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::~ Fquation (1) shows that for the incident plane wave, the time

h’* dependence of the coda is controlled entirely by the diffusion

e conetant of coda energy diffusing «ut of the layver into the halft-
: space. Wholespace energy tlux models have coda decay controlled

X }' by the expansion ~f the volume behind the wavefront. 5Single

:iq scattering models have decay controlled by zcattering «. The

i{} theory predicts the form of coda decay seen in data and stochas

:}f tic simulations quite accurately. Coda decay in wholespace mod

Ry eis 13 only a recult of scattering or anelastic attenuation.

)]

.~:3 Impertant Findings and _Conclusions

A

.R& Analysis of coda in teleseismic receiver functions suggests

SN tha* there are other mechanisms which control the formation and

y decay of s-attered coda waves which are separate from intrinsie

Sy scattering attenuation. In particular, the simple geometry of

an elastic s~attering layver over halfspace produces coda decay
which would be interpreted as an attenuation effect but is due to
the simple redistributicn of scattered energy from the layer to
the halfspace. Such effects can be studied first by analyzing
~ada from teleseismic events at a recaiver or array and then
applying the parameters of the layer model t.o an appropriate
enargy flux model for a source contained within the layer.

Significant Bardware Develcpment

N/A

3
)
o

opecial Comments

N/A

 %()'

T Impiications for Further Research

o~

b Scattering W models are based on a number of assumptions con-

’i$l cerning the distribution of the reservoir of energy contained in

;' the snattered field. Further research will concentrate on com-

.x bined application of teleseismic scattering determiniations and

- . e . 4 . . ~

s regional phase scattering. This combined analysis may offer con-

,ﬁq: staints »n scattering physics not obtainable by analysis of each

v gata set alone. Results of this research will have important

b implications on studies of regional phase propagation, discrimi-

“‘ nation ot small events, and yield estimation problems.
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Abotract
Tolesersnie receiver tunctions lor structure under PAS (Meadena, Oy are

1o

rived from aamuethaih -distributed teleseismic Powaves recordsd on Bennott -
instrumentation. The broad-tand thrce-component Beniof! [-60 <varem 1o peabed
atoone see persod and allows reselution of major crustal intertaces trom laree

Ps conversions seen in tiwe recviver function date. The obsenved body wave do
are guite complex showing exceptionally large Ps conversions and scattered wasves
cen horizontal components. Radial and tangential motions are of egual magnitude
and show major off-azimuth converted Ps waves suggesting large scale crustal
heterogeneity beneath the station. Stochastic simulations of 1D plane lavered
structure show that geologically unreasonable 1D models are required to fit the
data. The observed ceda decayv vields a scattering Q estimate of 239 ar 2 sec

proriod using an energy fiux model for a propagating plane wave interactuing with

scattering laver over a homogeneous halfspace. Observed and synthetic coda

2

decay follows the theoretical exponential decay predicted by the model and is
due entirely to diffusion of coda energv out of the laver into the halfspace.
PAS :oda is compared to coda from deep teleseisms recorded at SCP (State
College, PA) and it 1s seen that scattering is more severe at PAS as reflected

in higher coda fevels and slower decav rate. Analysis of a major Ps conversion

3

arriving 3 seconds after direct P indicates that a major crustal discontinuity at
about 20 km depth dips at high angles to the north under the San Gatriel
Mountains. This interface probably represents the crustal tectonic boundary

between the Transverse ranges and the Los Angeles basin.

[
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The analvas of teleseismie recever funcuons represents an inexpensive and

XL

-
al

comvenient wav of mmuiging major crustal and upper mantle discontuinuities under

e a4

N . . . ~-

A olated recernvers.  The tranemisivaty of structure under a three-component

N

o o

a seismometer ¢ inferred from the timing and amphitude of Py conversions seen on
:6'

: Rerirontal ground motions and is modeled to determine the location and velocits

t

o . . . . . - -
"'5 Sontrarte of the causitive interfaces (Burdick and Langston, 1977, Langston, 1979;
100
;'_'% Owens, 19843 The technique has been particulurly useful in large scale

1
'( strutture <radies using long-period body waves (e.p.. Burdick and Langston, 1077
L)

:_.: laresion and Jsaacs. JG81: Hebert and Laneston. 1985) 10 Jetermine average

%

'_:.1{ crustal thickness and 15 increasingly being applied to broad-band, high-frequency

)

o . ) .

[W> a data to obtain more resofution on structure (Owens, 1984; Owens et al. 1984:

1587

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

4 CenIILIVItY tera erogeneity in crustal structure. In nse, this i
poe censitivity 1o lateral hete t tal struct In one sense, this is
S desirable since a goal of such studies 15 to determine as much information about
h"~
e
y . . P .
::‘..ﬁ structure under the receiver as possible, However, it is also obvious that the
()
W
RS .. . . . .
b wave field 1s severely sparally aliased through observations made at only a
.‘::‘:_ single surface point. Imaging procedures implicitely rely on modeling assumptions
R
v ) ) ) . .
:-:-\:; such as plane lavering or, at most, stmple curved interfaces. It is often
o
Lo ohserved that much of the wavefield is inaccessable to rational expianation
®
.
:::' Lang simple modeling techniques (Langston, 1979; Owens et ai,1987). For example,
-~
L= receiver function data often displav anomalous wave behavior such as P-wave
R~ .t
particle motions which have significant tangential amplitudes.
L J
-7 A purpose of this paper is to examine strategies of treatment of broad-band
.
-\,:_- receiver function data which take into account both stochastic and deterministic
-.'"' scattering effects due to heterogeneous siructure. Structure under the station
N PAS (Pasadena, California) will be the focus of this effort. This station lies in
l'.'
’:\
o
t-"‘
o
[ -
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<
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'J‘_\. ot ooy compiey sires ot N oo Coalitorm obavare Uoane b brad

h® .
‘o
\':. crecd-bond arecementiuen ooer oo beny penead of me The o cro i weas amitialin
-

~

v
] et atet oameete o ebservanons of o coonplen rartcly meations o he telecernn s P

{ i '
wonve data clonestor s ST e Bt Mere previeusiy o owamianed by beed TR w b

arempted oo madel the recenver runctons gane dynmmie ray ooy with medels

s o

V) Sty U hoemweeneous buvers ceparaied byocurved 2D antertioers Led

! i

*‘-ﬁ:‘: et owae rarnsthy o suoeessiul an expluining qualitative aspects o the data o
e

Voarinake tur he found that ray theory o was gnadequate oo eaolaim the high

rhitude of anferred converted waves and the duraton of signal

ﬂ"&g irn this paper, the receiver function data will be 2xamired from two points of
-:‘3 view.  The first 15 from the standard method of treating the data to infer major
veiciny discontipuities under the station using "deterministic” aspects of the
cheerved data and simple velecity models.  Ps conversions from teleseismic P
waves are tound to be unusally large and are used to suggest the existence of

rze velodity contrast interface in the lower crust which dips 1o the north

Gabrizi Mountams,
The other ceint of view 15 10 ‘reat the data as resulting from an unknown

soattering prezess and w o atempt to infer the severity of wave scattering

" -
{-:-: urder the station. Using simple measures of the P coda amplitude decav along
2o
W with 0T stachastic structure simulations, the question 1s asked: Are the datwa
.:,:
." sonsnreng wath scantering due 1o reasonable plane lavered structure? The
o
,:{: nogutive zniwer for PAS suggests that such an analvsis can be generally used
o
_.-:_ worustty or not justify a research effort in modeling data with simple plane
[ "‘.\"
) «”

I- »red structure models. The severity of observed scattering under PAS also

o .

points out Gefecienties in some simple scattering models and the need to develop

arpropriate models for 2 and 3D stochastic structures.
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PAS Staep and Regoonal Strucivee

PAS <tation has been o eperation since the mid-1930°s and has had a full

sompdement of experimental long- and short-period instrumentatice M interest

t. thas study are the Benwe?t 1-90 (Seismometer Period = 1 seo, Galvonometer

Perind = 90 se0) and, to oo lesser extent, the Press-Ewing 30-90 svstems.  The

Born 7 1290 avstemy s peaned at 1 osec period but records across a wide

Yrequensy band comparablie to the intermediate-period DWWSSN passband (see

Aprendivy Its nominal magmification of 3000 has allowed routine recording of

telesorims throughout 1ts existence. Although the data are recorded in analog

photaeraphic format, the broad passband of the instrument potentially allows for

significant ume resolution of crustal Ps conversions. This potential, in

conjunction with the recognized complexity of the receiver signal (Langston, 1977)

as well as unusual tectenic problems associated with the Transverse Ranges

Province of Southern Caitiormia, motivates the present study of crustal

structure under the releiver.

PAS 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 regicns of diverse rock type., For example, crystalline rocks of

the San Gatbtriel Mountains a few kilometers north of PAS abut vallev sedimenis

that atrain depths of up to 10 kilometers in the center of the Los Angeles Basin

(Yerres et al, 1965). The geology 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,

Hadlev 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

jocus of bath upper mantle and crustal velocity anomalies. Using the Southern

California Seismic Network, P delavs from a PKIKP phase outlined an east-west
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The Tdransverse Ranges are alse 2 locus of change in ~rustal structure

Svne
X

F2tween the western Peninsular Ranges - Los Angeles Basin and the Mojave Block

\. . .

ST 1o the east Hadley and Kanamori (1977) suggest that a high-velocity lower

L crustal laver comprises sbout hailt of the zrust in the Peninsular Ranges but

oy . . . . ‘
AN wnpers o oniv o2 few Kkilometers in the Mojave Block. Tomographic study of Pg
e

“J..
.. ard Prowaves in Southern Califernia (Hearn and Clavion., 1986a:b) support this
B -

sugzostion by showing slower average velocities in the Mojave Block relative to
criut 1o the west. Crusial thickness from long-range refraction (Hadley and
Narnameri, 1677) and time-term analvsis (Hearn and Clayton, 1986b) suggest that
©oo orust under PAS 1s atout 31 km thick

These studies demonstrate that structure in the area is quite complex. A

mzior goal of the present work is to provide constraints on crustal thickness

@ under this important transition between tectonic provinces as well as determining
o

_r_, other structural derails. Site-specific information provided by the receiver

. f."

:j function technique will complement these broader crustal and upper mantle

e

structure studies.
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Ditn and Source tuncven bagustization

Wavetform data tfrom 2} teleseismic earthquakes were obtained from the
sersmosram archives of Calitormia Institute of Technofogy (Tabte 1) The

cismograms were photographed and enlarged for hand digitization.  Waveforms

2}

ware diginzed at an irregular samphing intersal and interpolated » an equal
camphing interval of 0.1 seconds.  Processing included vector rotation of the
herizontal components inio the theoretical backazimuth of the P-wave arrival to
cbuain radial (positive away from the source) and tangential (positive clockwise
around the source) ground motions.

A source function equalization procedure was then performed to remove the
instrument response and unknown effective source function from the radial and
tangential waveform data.  In this procedure. the vertical component of motion is
assumed to be free of anv 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
¢ the vertical component amplitude spectrum. The Gaussian filter used is

equivalent to 2 Gaussian pulse in the time domain with a half width of 1 second

~ s

(ie.. a=1.67 in € " ). Details and justification of use of the technique can be
found 1n Langston(1979).

Figure 2 shows examples of waveform data for events in the three major
tezckazimuth ranges. 1289, 235°, and 3159 Also shown are PKIKP waveforms of the
1/23/76 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
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"‘.p_; eeeennal and radialb mooons. or converselv, the observed hornzontal component.
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St quite substantially i wavelform cuggeesting that simple instrument
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1y mibatibration or magnificauon ditfferonces cannot give rise to these anomalous
L
A ~articie metions.  The Appendix discusses the calibration of the Benioff [-90
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AR evstem and shows that plausible mascalibration is not a factor.
Yy Waveforms for the PKIKP phase for the 01/23/76 event also show very
e " ™
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‘D ancmatous particle motions.  This phase is incident below the crust with an
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oy inoident angle of about 4 degrees. Thus. it 15 about as close to a vertically
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iy propagating P oplane wave as one can get in practice. Horizontal motions,
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are not near-zero. Theyv are about half the size of the vertical P
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wave and beth components are grossly different.  Furthermore, this event has a
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\'-:.', backazimuth in which the observed EW component is almost perfectly radial, and
LA
AT . . .
L. the chserved NS component, tangential. Observed differences cannot be the
N
e, . -~ . . . . . .
‘M resuit of instrument miscalibration or numerical rotation error. The data of
¥ . . N .
.'j Figure 2 strongly suggest that heterageneous three-dimensional structure 1is
Sy ¥
x* . . . . .
Ny causing large scattering effects in the receiver function data.
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o Because of the location of major teleseismic source zones, the equalized
L
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';\. radial and tangential component data were grouped into three backazimuth groups
i
~:5 and stacked (see Table | for groupings). The stacking was done by shifting all
Bt traces to a common relative time based on the P first arrival and then
®
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I8 averaging the waveforms, Waveforms for plus and minus one standard deviation
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;«.:: about the mean at each sampie point were also computed. The resulting waveform
o
..\" stacks are shown in Figure 3 with their standard deviations and a comparison of
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'_\_, stacks from the three backazimuth groups are shown in Figure 4. A display of
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. this hvpe yvields informuaticn on the coherency of ~rrina! wirban the waveforim
AR - i . . C1oe
- and of the level of processiag noise (Owens, 1984,
( Only the first 135 seconds of the waveforms are shown in Figure 3.

Obyvioushyv, the data of Figure 2 show major arrivals in the horizontal waveforms
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for at least 60 seconds. This poses a ditemma f{or structure models that can be
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considered. 1t is very difficult to get such arrivals from plausible plane

Tt el
e
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lavered models. This problem will be addressed in a later section. We will first

e

Wt

concentrate on major initial arrivals.

5

Ficure 3a shows the waveform stacks for events from a backazimuth of 1289,

!.-‘ . 0 . « . .
‘~:..: The bnunding envelope for + one standard deviation is quite large for tangential
\_:- ,

\.1': motions and relatively large for arrivals after direct P on the radial component.
1ho

® 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
HO

w* . . .

NS data and is approaching noise level.
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The other two backazimuth groups (Figure 3b and 3¢) show remarkably large

- ——

Xy

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

Pl
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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

-~

L@
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40 i1s variable within the noise of measurement. There is some hint that later
oS

o~

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

° Figure 4 shows the stacks displayved together with P and Ps phases
L]

“'i: arnctated. The working hypothesis is that this secondary phase is a direct
L,
e . . . . .
E P-10-SV conversion beneath the station. Its large size, relative to direct P, on
"1

\‘ . « - .
Y all except the 1289 tangential stack is remarkable and can be directly seen in
oy

w:- the data of Figure 2 (Also see Appendix). Figure 5 shows particle motion plots
'S
S
-:::- of the radial and tangential stacks for 3159 and 235° backazimuths. Note that
A
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® the direct P wave conforms to nearly radial motions as expected for ideal P
WS
"" particle motion, but that the Ps conversion has been rotated 45° or more out of
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: the sagial plane.
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» . R . . .. . . C .
":. The magnitude af ths effedt s quite large. 1t s very duficult 1o produce
* .

- \ . . . N . .
‘ ach Peoaroivahe from o simple dippine antertaces that dip only a few deerees or
N have veloaity contrasts tvpical of continental crustal models (Lanesten, 1677,
'
: Lee, 19833, The mmphcation is that there i a major discontinuity under PAS
)
¥ . . . . ~ .

\ which has hich dip and or high S wove velocity contrast.

~

Y These arrivals are also directly evident in long-period data from the
W

w* . . ~ , )=

: station.  Figure & compares observed waveforms for the 11,29/74 event recorded

on the Benioff 1-9C and Press-Ewing 30-60 svstems at PAS. The data have been

14

e

‘, shitted 1o a common time base. The vertizal components, although showing some
ke

;ﬁ-.:- scattered waves in the coda. are pulse-hike and show one major P arrival. The NS
J(‘.

® 1-90 component is dominated by the Ps conversion. Direct P 15 a minor initial
v
- arrival. The 30-90 NS record shows that the Ps conversion (arrow) also

>

.':.-. dominates the long-period waveform. The EW components show the Ps conversinn

"

.'I

tarrows) but direct P, the first pulse, is larger. Nevertheless, the Ps
_‘:4
o conversion is evident having the effect of broadening the initial pulse by a
Sl
N
- factor of two compared to the vertical long-period P-wave and producing a
) -
"Lﬂ
"shoulder” on this pulse. This compariscn of data recorded on two different

A . .

i eismometer systems demonstrates that the crustal structure responsible for

l’l
_-‘:.‘ these scattering effects is radical and that the effect is not an artifact of
3 "p’
A . . . .

P jnstrument miscalibration.
"¢ . .
O One last constaint on the octurrence of this major Ps conversion can be
1l
5y i .
‘-:; obtained from the data. Langston (1977, 1979) suggests that the amplitude and
S
XY

® polarity behavior with azimuth of tangential Ps can constrain the direction and
W
P magnitude of interface dip. Unfortunately, the phase is only well developed in
y the 2359 and 315° azimuth groups although it may be significant that it is

'._ poorly developed in the 128° azimuth group. The PKIKP phase from the 1/23/76
.

W event, however, offers some independent information in this regard.
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'-‘:::' Since this phase is nearhy verucally propagating, anvy Py conversion from a
S
N
L Jippine anterface will be contained in the plane of the ray and dip direction.
\'
..- -
| This 15 selt-evident from the geometry (Langston, 1977). Thus. a simple plot of
! .‘-.. . . ~ . . .
IS aarticle moiion of the Ps conversion will lead to a direct measurement of the
A ) ) . I . .
A G direction. Figere 7 displavs such a plot. The Ps conversion s the largest
) N I3 A &
g,
)

arrival on the NS component and s easily seen in the particle motion plot.

U

4
‘_.':: Note that 1to1s polarized almost perfectly northward., Because Ps is positive,
.-::.»
e refative to direct radial P on the waveform stacks of Figure 4. it is due to
) -"g
‘ cenversion fron a higher to lower velocity as depth decreases. Taking the
e negative polarity of the PKIKP phase into account yields an absolute dip
CON direction of northward for the postulated dipping interface. This is consistent
YA

"L . . .. .

Py with the tangential Ps polarities displaved bv the 2359 and 315° stacks.
2
-'&J
S Dsorerminisric Modeling of the Ps conversion

Recent efforts in modeling receiver function data have concentrated in

!; -_P
;' ; formal inversion of the data to obtain a plane lavered 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

e O )

~"-.c and large tangential amplitudes all argue against finding reasonable plane
e e . . ..
:_\\ lavered models. This will be addressed below. Nevertheless, the distinct Ps
o
£
® conversion seen in the data must have important implications on the nature of
P
o .
L structure under the station.
."'r
. f_:f Figure 8 shows a comparison of observed and synthetic radial component
o
) waveforms. The radial stack for 2359 azimuth is shown below a synthetic radial
ANy
+ .
:r seismogram computed for a crustal mode! proposed for the area by Hadley and
o™
~ mme . .
_'Cs.: Kanamori(1977). The Thompson-Haskeli method (Haskell, 1962) was used to construct
,
N
o the svnthetic. The crustal model is shown in Figure 9 with parameters tabulated
-5
»\'_
.‘_I in Table 2. The Moho occurs at 31 km depth and produces a moderately large Ps
L~
s
. \'.:
[~
L ~11-
T
v

S

": LTt -r' WO, v o = TN 0 0% ‘ - ' i
DR At R O N A R RET N R RERRRURSRRIRRI IR A SN KN RRNREDY




which arrives 4 seconds alter direct P {shown by arrow 1u Figure

conversion

v
5 T'he observed Ps conversion is larger and arrives at least one second earlier.

This s significantly earlier and suggests several possibilities,

First, 1t the Ps conversion is considered to be from the Moho, then the
crust must be at most 27 km thick if Hadlev and Kanamori's velocities are
assumed.  Hearn and Clayvton’s (1986a3) imaging study using Pg waves suggested
average crustal P owave velocities in the area of about 6.3 km/sec and a crustal
thickness of about 31 km. It is possible that the receiver function data are
sampling a local anomaly unresolved by Hearn and Clavton’s data. Alternatively, if
the crust is 31 km thick then average the average S wave velocity in the crust
w4 must Ye 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
1 for crustal rocks. These calculations were performed assuming plane wave
N propagation through a single laver 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
o
‘- tp in the gravity field. No such anomaly is observed (Hadleyv 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 lavered 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

LI,
AT :':'fxn

region. The large Ps relative amplitudes observed requires a high S-wave
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velocity contrast. This, in turn, implies a velocity inversion in the midcrust to

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

eleleleles

v
.

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
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o arinvel. The data mav reguire that the LVZ be sher oy shallower but the

1L
e
p 1-2 ceneral characteristics are produced by the model.
!
Obvioushyv . the plane [nvered model does not cxplatn the anomalous particle
N : maten of the Ps conversion. A senies of ray theory calculations (Langston,1977)
S
z-": wore performed to test the dipping interface model. The tangential Ps data
@
.3 require that the intertace Jdip northward under the San Gabriel Mountains.
N .
,\-": Experience with such caleulations indicates that there can be considerable
[) "\
A trade-off between inisrface dip and velocity contrast (e.g., Langston, 1979).
TG

Wives which 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 correspondiy larger conversion. Of course, waves
approaching from the up-dip direction will tend to have lower angles of incidence
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
laver was allowed to dip up to 40°. 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 mav be possible to produce large Ps conversions

§ v . . . .
'_~ for ravs which approach the structure from the down-dip direction, models with
A ‘\'.
: dips greater than 109 consistently produced low amplitude Ps conversions for
..-‘

3" rave traveling from the up-dip direction. Indeed, for P velocity contrasts of

'3;1 6.2:6.8 and 5.0/6.8 (velocities in km/sec and assuming a Poisson solid), dips of
Sy
Yy . , , . . .. . .

'.J_" 509 resulted in Ps conversions which had opposite polarities relative to direct

s

‘.“ radiai P. This 15 clearly inconsistent with the data which show large positive
ﬁ-l’: Ps conversions (Figure 4). Thus, interface dip is required to be of the order of

Oy
,.;-: 109 or less. The S-wave velocity contrast is also required to be greater than |

f-'_-

P . . . . .

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

e
,,-:: 5.0/6.8 interface at 10° dip. The observed Ps/P ratio for the 315° stack is 0.57

-
SN
f'-ﬁ"

e -13-

Yy 5

M
*
HAGYEY - o e L A T e e W LR e ; Vot g AR
- . ‘ ARG ) N . A

‘o‘ .', Ay, "‘l O .n. 03¢ LN ! ) %‘D“‘.l. '!.l i ) "Q.. .! ..o‘l.!‘l x .o‘b"n.l': I'!.C r'i.-.:'n » “!! s_::,.“! l"‘.‘. :': Q ::ll.:.ﬂ l ' '.l v "g :!‘.O"-l




.l."" v DV IOV R PR IPURON TN R TRy i A¥a 2%a AV - N " R 2a® 8aW S0 et Ba
o
;0' "
LN
®
AN
\.;«: tFrgure 4) which represent waves connng up-Jip but at an angle from the
\:"
\-. vorthward dip direcuon. Calculated taneerntal amphtudes for the Ps conversion
ah
o , _ : ( .
cre comparabtle 1o the radial amphitudes and agree with the 459 polanization

g
L
z

Ry e~ ryyey t M P
) inamaly seen an the data.
o o
04 In summary Ps - P arrival times suggest that a major discontinuity occurs
2K
D . . . R . . .
\ i the mid-crust under PAS.  Although the polarity of radial and tangential Ps is
5\ sensistent with the interfuace dipping northward under the San Gabriel Mountains.,
‘.-g:
2 dip is of the order of 10° or less and the S-wave velocity contrast must be
"—(: o ) .
t unusually large (> 1 kmysec). Quahitatively, a major crustal low velocity zone can
. explain these chservations but the extremely large Ps/P amplitude ratios
o
"_ probahly 1imply that other factors are atfecting the waveform such as ray
o
Py focusing {Lee. 1683: Lee and Langston. 19%3a;b).
oo
-
L
o .
" Stochastic Structure Modeling
( Up o this point, the data have been treated from a deterministic point of
e ‘ . . .
x‘j view. A discrete arrival was identified in the observed waveforms and modeled
Y - o , .
e assuming 1t occurred at a well defined interface. The data show that the first
5,
Yy L . . .
:) Ps conversion is indeed a major wave propagation effect and it is reasonable to
"
'f assume tnat major early arrivals will be due to direct interactions with
.I
N discontinuiues mn the structure. However, if the data of Figure 2 are
v" -
® obrectively examined it becomes clear that the inferred Ps conversion is simply
_‘-':
e the first of many large arrivals in the horizontal P-wave coda. Are these later
o
" arrivals fundamentally different from earlv arrivals? What do these large
O o . .
PS arrivals imply about the heterogeneity of the structure under the station?
L
;, The answer to these questions are probably bevond the scope of this study
by because of basic limitations in the data set and in knowledge of theoretical
2! L |
effects of wave propagation in heterczeneous structure. However, a slightly
:r, different question can be asked which can provide insight into the problem of the
’l
" 7,




Loree coedas Can plane lavered structure mamee the coda seen 1n the data and, 1f

seLowhat are the nnpacatens’

Firot we make the assumption that all arrivals seen after direct P oin the
data represent waves scattered in structure near the receiver.  This assumption
13 probably poor for shallow earthquake sources simply because of known
propagation effects hike near-source surface refiections. Deep events, however,
should be less affected by near-source scattering. A simple geometric argument
can be made which requires that observed scattering occur near the receiver.

For deep teleseisms. tangenual amplitudes in the coda are seen to be as
large or larger than the vertical coda amplitude. Therefore, if these coda waves
are due to scattering (P to P or S to P) in structure near the source they
nust finally convert to P owaves to arrive soon after the direct P at the
receiver. If thev are P waves, thev must have azimuth anomalies greater than
439 since thev are so large on the tangential component. This contradicts the
near-source scattering hypothesis since the scattered waves themselves must
come f{rom teleseismiz distances from the source. The conclusion is that it is
possible that near-source scattering contributes to the effective teleseismic
source function but that large horizontal coda amplitudes relative to rorizontal
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
tangentizl P seismograms.

Svnthetic seismograms were computed for a series of receiver models with
plane lavered stochastic structure. The procedure used by Frankel and Clayton
{1986) was adopted to generate a random velocitv-depth function. This is
summarized as follows:

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
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. '\_‘1; 28 bmosampling antersal war awecumed for o loser of thicbnes S0oon o0 im
0
SN
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(- - The velocity tunction was Fourier transformed to the waivenumber domain o
SO
W
- s . ,
obtaim vk

d
*\‘f S An ewpenential correlation function Nizi=e ™ 4 was assumed for the meaium
o A . . e O
o where a 1s the correlation length.  The wavenumber spectrum of N(z), N(k)=
Y
WS
jt R - SN ; ~
Y 2a (1 4+ k=a-). was used to tilter v(z).
s
_;\: <. The filtered velocuty spectrum was then inverse transtormed and scaled w0 2
,-F"',I
ﬁ-‘j wanted velocity variance and mean,

%

3. Svnthenic seismograms were computed using the Thompson-Haskell method

' 2

N
::’ {Haskell, 1962).
I Calculations were performed with a Gaussian correlation function as well,

b

sut the exponential correlation function proved to create somewhat more
r . . ) . ) :

A scattered arrivals since 1ts spectrum is richer in higher wavenumbers. A

b, -

) correlanion length, a, of one km was assumed. For 0.5 hz waves considered in
.‘:'-f

el this studyv. the corresponding value of k,a is approximately equal to 1. where Kk,
-.‘ o . N . . .

~ 1s the vertical component of the wavenumber. P-wave velocity~depth functions
::{.: were computed using the random number generator and S wave velocities derived
-

tv oassuming a Poisson solid. Density was held constant. Velocity parameters

1,

tor the halfspace below the random crustal laver were generally set to those of

bl V‘

AP
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- the lowermost crustal laver,
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[N : . ) . . .

i‘; The :interest in this exercise iS not to suggest that a partcular

-.'_:- correlatien function is appropriate for earth structure under PAS but to

a

: investigate tine degree of scattering required to mimic the observed data. The
6.{ correlation function parameters were chosen to maximize 1D scattering effects
.:-':: within the chosen frequency band because the observed data show high amplitude
UL

KN . . . .
v, cuda. Frankel and Clavton(1986) suggest that a seif-similar correlation function
'.'_‘.

-"_'A . . . . .

. mayv be appropriate for earth structure since it gives a frequency independent Q
0

:-C{ over a broad frequency band and is consistent with array data. The receiver
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Twe basic velocity maoededs were considered inothe 1D simulations. The first
somsisied of a heterngencous crustal laver 30 km thick wiath a mean velocity of
S5 bEm oseo and velocity standard deviotion of 10%.  The top pair of waveforms in
Fiocure 10 are tyvpical examples of the free sur{ace displacements computed from a
number of realizations of the stochastic parameters. Figure 9 shows the
corresnonding svelocity -depth functions for the lower and upper pair of

svnthetics. The incident wave time function assumed was the time derivative of

ne Gaussian function discussed above in the source egualization section. A

Surcrn glance at tnese sunthetics and the data of Figure 2 show that svnthetic
revele are significantly lower than those observed and that the coda
atteneares qguickiy with time.

It might be expected that a more realistic Moho with a large velocity
contrast would trap more scattered energy in the crustal laver. The middle pair
of svnthetice shows this case for the model used to compute the upper
s tutr assuming s halfspace P wave velocity of 8 km/sec. Minor changes
ooour an the resultuing svntheues. The largest change is to accentuate the Moho

P: conversian by about z factor of two (arrow). The coda is largely unaffected.

laver thacknuess tends 1o increase the duration of coda. Increasing
sitv ostandard deviation to 20™ over a laver 60 km thick with a mean
veloziny of 6 km sec produces svnthetic seismograms which start to mimic the
data (hotiem, Figure 100 Large Ps conversions and reverberations start to
attain amplitudes comparable to the direct radial P-wave and coda duration
cuperficialiy arpears 1o agree with the observed data.

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

significant thickness of the lithosphere are needed to mimic the receiver data at
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mante over 4 osJake of about bohmoare necded wooexplamn the duta Clearlyy o

12l ooeovlogtoaliy o unreasonable,

L \n mme diate conclusion is that other mechamisnis of scatteining are needed
Y coor and sbove body wave seatternine in plane lavers. Itoas hkelv tho there s
untioant body wave 1o surtace wave seatterning inonpear surface lavers (Daing

P4
;',-; eroal, 19790 AkD and Chouet. 1975 Damey and Toksez, 1977).  This 15 expected

( Foctusy of the hetercgencous eendogy. [t s alse clear that 2 and 3D

!,‘l
ASEN

structares are required in the area to produce the large tangental particie

mctions observed in the data. Numerical experiments with 2D elastic finite

A

v e Y e A
Py

[

1ifterence methods show that. for an egual amplitude scattered field, velocity

atiens in two dimensions are about half that needed for velocity variations

N

as
e 8 N N

imoone dimension/McoLlaughlin et ail, 1985). Thus, assumption of simple 1D body wave

LR

. woattering tor 2xplamming much of the receiver function coda at this station is
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ivy Models for Plane Wave Scattering
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The plone lavered model simulations are instructive in showing deficiencies

- in basic modeling assumptions when treating the receiver function data. However,
. would aise be useful if the coda data could be parameterized in such a way
Sz
_-..:- ¢ gu:de the analvsis. For example, are there aspects of the coda decay which
N
';'\:' arectude reasonable plane lavered models in other situations? Also, what does
oy
~I . N . . .

tne amplitude of the coda suggest about the magnitude of scattering near a

racever’?
Teleseismnie P wave coda has been the subject of a number of studies (e.g.,
AKi, 1973: Dainty and Toksoz, 1977; McLaughlin et al, 19%.- V.evander and Hill. 1983,

trankel and Clavton, 1986; Cessaro and Butler, 1987). These studies are closeiy
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croblems an coda eencraton due to hithesphene <trudture n
A . . . . o . P, -~ .
X Pooaloand regional dana set e v Ak TOeu 1980, Akt and Chouet, 19750 Diinty
( Ll Tobeo oo 1aTT Gaeoetowd, 19830 Fachards and Menke, 1683 Gupta and Blandford,
o oW and Ak besdabs Cessaro and Buder, 19870 Prankel and Wennerberg, 1087,
-,
ey Viodate and Helmberper, 19N
&
A number of techniques are available to parameterize the coda level and
o e decay based on the Born approximation of weak single scattering or of
S o . - . . - .
ﬁ._- divfusicn of coda energy for extreme scattering (e.g., Aki and Chouet, 1975; AKi,
'S0 Dunre et al, 1974) Recent work has concentrated on simulation studies
A using tinite difference acoustic and elastic wave propagation methods(Levander
:}: ard Hili, 1985 Frankel and Clavton, 1986) which implicitely include the entire
5} .. . . . -
coivered field. Levander and Hill(1985) examined scattering characteristics of a
" X )
-ough boundary between a surface laver and underlying halfspace and showed that

. ~uch of the scattered field is dominated by Ravleigh wave propagation. Frankel

ey

and Clavton (19867 and McLaughlin et al (1985) examined P-SV propagation in 2D

rindom media to examine scattering of high frequency (f>1hz) seismic waves.

: Subseguentlv., Frankel and Wennerberg(1987) developed a simple theory based on

oravious finite difference simulations to parameterize coda levels, scattering

O

‘P aztenuation. and intrinsic attenuation for 2 and 3D scalar wave fields.
k-
\f— N ~ . ~ . . . .
o The success of a number of receiver function studies in determining plane
L.
. javered crustal ard upper mantle structure indicates that the scattered wave
P
"\ S H " " : H
ATA fizld mav be thought of being composed of a "coherent” contribution from Ps
\;_-.
o conversions and reverberations from discrete interfaces and a "stochastic”
i
‘ -ontrirution from smaller scale heterogeneities. The coherent field can be seen
o . . : :
NN over a large solid angle of ray paths. The stochastic field changes quickly with
T
‘A . - . . . .
 , rzv parameter and ray azimuth. Examples of the stochastic field are variation
oA
B ) ‘
® in tangential P wave first motions over the events of the 2359 stack in Figure
7Y
;'-». 3b as well as coda arrivals with long lapse times from the first arrival. The
‘ .r,‘:
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cuccess of any deternimistic receiver runction study depends cnincally on the

coherent fieid beiny dominant. However, the incoherent field. which os usuzlly

sonored in osuch studies, also containe <tatistical information on the degree of

hoteregeneity in the structure which may be very useful,

Past studies have not entirely addressed energy partitioning and the

numeraus scattering mechanisms that may be affecting formation of the full

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

salutions of the wave equation for 2 and 3D complex structure must be examined

A 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

classification purposes and to suggest avenues of research that will address

NS

PR

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

[
‘

to quantify the differences between ID structure coda development and coda

U}

2
[

observed in the darta.

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

Frankel and Wennerberg(i987). They examined scalar 2D finite difference

simulations and suggested that scattered energyv behind a cvlindrical or spherical

wavefront disiributes itself uniformly over the volume behind the wavefront. AKki

»

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

S

A

Py earthguares. This simple assumption vielded usefu) formulae for coda level and
Ve
:';: d=2cav in cas2s of strong multiple scartering as well as the limiting case of weak
-
',::' single scatrering. Theory for an energy flux model with plane wave propagation

Bl

@
x [ )

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

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

04 ST

régime {0 motivate more realistic scattering models.

2]
= 4 ¢« A A

Consider first a source of plane waves which radiates two oppositely

Y

~

propagating plane waves in a scattering wholespace. The total instantaneous
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e . .
~ energy or power, S is given by the sum of the direct wave power, ED’ and the
i

’ coda power, L~
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pezify that

= F_.
e S (2)

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

Y A Yy
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attenuation due to wave scattering. Substitution of (2) into (1) gives
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Coda amplitude, A, is related to the coda power density, fc, through the
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principal assumption that the coda energy distributes itself uniformly behind the
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two propagating plane waves. First we have
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. 4 1s a scaling factor. For P and S plane waves d = 1/\_/? where ¢ 1is

v Yl

sr-wv. 1f €S is the unit plane wave area, r the propagation distance from

i o

)

Y

S

source to receiver and ¢ P-wave velocity, then the coda power density is
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Using (3), (4) and (5) we obtain
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N S can be estimated using the observed direct wave amplitude and correcting

~ it for attenuation through the scattering medium. Thus,
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p =7 i ,
( where S s the observed direct wave power and t.=r/c . The factor of two
ot

e comes from the fact that two plane waves are propagating in the medium and
<o contribute to the scattered field. Plane wave propagation thecry is used to
- obtain the estimate of direct wave power. First consider the integral of the

square of the ground velocity, AlL),
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Times t; and t5 bound the direct wave arrival and are estimated from the

O

data. The direct wave power is therefore
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Sutstitution of (9) into (7) and of (7) into (6) gives
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As Frankel and Wennerberg (1987) show, the effect of attenuation due to

scattering determines the initial level of the coda scattered from the direct
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4 wave but coda decay with time iv mainly controlled by the time-dependent
N

My increase in voelume behind the wavefront.  In this plane wave case, the ¢ /¢
b
( dependence 1s Jdue the hinearly increasing volume between the rwo oppositely
%

X propagating plane waves.
4.7 |

"N. . . . . .
..' Relation 1) is useful for describing the coda for a plane wave propagating
'.' L J
u' in 2 thick laver where coda lapse times (wave arrive time relative to the direct
sy

1 wave) are less than the arrival tume of waves which interact with the lower
)

A N . ) C .
"'7 boundary of the laver assuming the observation point is at the surface. This
-

( corresponds to lapse times of less than 5 seconds for receivers on typical
“J . . . .
N, continental crust. A more appropriate model for receiver function coda is

. . . . . .

M scattering in 2 heterogeneous laver overlving a homogeneous, 1sotropic
o~
® halfspace. In this situation, a vertically propagating plane wave sweeps through
N the Javer once on its way to the receiver, reflects from the free surface and
\f'

:.ff sweeps through vet another time on its way back to the halfspace. Energy is

o
1O
( scattered from the plane wave into coda energy.
wy . . . . .
AN A variauon of this problem was studied by Dainty et al(1974) and Dainty and
Sl Toksoz{1977) where theyv assumed that scattering in the laver followed solutions
O

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

£0)

:-_\ scattered energy they obtained the following analytic solution for the scattered
,: enargy field at the free surface, m(t) (assuming no intrinsic attenuation):
)
A 2
® tE 2
" v v S
e ¢ = &_ccs e - —
) —_ - 9 N ‘ (1D
. P z e L -
> : ~ - e I
<7 non=l Zez_+sinle
-f" I n
» " e
\"
® h 1s laver thickness and ¢ is the vertical diffusivity of energy through the
- boundary of the laver into the halfspace. The coefficients. a,. are found as
. ) n
1
.-~ . - . .
soiutions of the following equation:
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where v is the seismic velocity of the halfspace.
The dominant term of (11) for long lapse times and a high vertical diftfusion
rate can be shown to be for n=1. Thus, for cases where diffusion of scattered

en2rgv occurs quickly, coda energy decavs like

pavy

RE (13)

(D

- P
< -
,

where 7:'5‘;'31’ 4" This behavior can be incorporated into a hybrid model
containing aspects of plane wave propagation in a laver with assumption of
homogeneity of the scattered field within the laver.

Consider a horizontal scattering laver of thickness h overlving a
homogeneous and isotropic halfspace. A vertically propagating plane wave is
incident from below, passes through the laver, reflects from the free surface
and passes back through the layer into the halfspace. The total power in the

svstem can be written as

(R
{rl
4‘.
{1
A
4!
)

-
ll

(14)

)
C

1

where a new term =~ has been introduced to describe the amount of
£
instantaneous energyv which diffuses out the bottom of the laver at the expense

of the coda instantaneous energy, Ef‘~ Based on the behavior of (11) above, we

assume that

(15)

24—

»

] n,-rnw-*-{r.."n‘y'—{”— - ((“. W w g "‘."‘4'V P » - , . ) . .
i d " &, 5 f ’ 2 a N N ; _/ i . b LML AR ", () O 200 M OO WY Y 0
AL N A St L W )‘ o '\, 5 2L ?} ALY AL l‘o’l‘w. :: ::.:" % .ﬂ':"«‘u'-’q':'a':‘.".‘ﬂ!‘-:":‘. ::"»:!’-. u:!‘f}




.: " .
% %
e -

2!

Py
gt

o e
*
A5

® L5

-

! el

-~
PRy

-
' a
E I
-

o]
Ly .'-'l'\'

+
BN
I

..‘.-;...-'\‘4"
L Y
L a

kY
P

-

-

AN AN

%

5

%" L3

-

L 8

alocimtndlad

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

wave after interacting with the laver is

- . m
Ey=Ere waty/ Sy (17)

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 2tq.

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

. (18)

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

power density becomes

mn

Sy
]

)

' (19)

o
[¥2)

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

-

estimated from the observed direct wave power, T~ , by
-

e/ Qs (20)

=
H
[r

and using (9) gives
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Note that this form for coda amplitude locks superficially the same as that
in (10) except for the exponential tactor of time in the numerator of (21).

v =

Indeed. the time decay of the coda is controlled entirely by this factor. 1f y = C
15 assumed so that no coda energy can diffuse out of the laver, then the coda
ievel 1s constant for all time, consistent with the plane wave assumption of a
packet of energy being homogenecously dispersed throughout the laver. 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

e+wt d/ZQI e-wt/ZQI (22)

where QI is the intrinsic attenuation of the medium. The first exponential
in (22) is the correction factor to determine total enmergy from the direct wave
and the second exponential gives the attenuation of coda amplitude. Note that
the effect of coda energyv diffusing out of the laver given in (21) is exactly the
same as intrinsic attenuation. We would therefore expect that it would be very
difficuit to impossible to separate the two effects in practice using the
teleseismic coda data.

An implicit assumption in developing (10) or (21) is that the scattered field
is of the same wave type as the primary. These equations are appropriate for,
sav, the scattered pressure field from an incident P wave. Even for simple 1D
lavered 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
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o

f '-3! scattered f{ield seen at the surface 15 composed of low group-velocity surface
(o | _

K .,’ waves (Dainty et al 1974; Akt and Chouet, 1975; Levander and Hill. 1985). Thus,
i,
( there is a procedural problem of relating observed coda wave amplitude to

i

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

-: n‘\; principle. it is possible to directly infer the energy contained in a wavefield if
hay

' strain observations are available. However, three-component displacement data
gl ,

: N cannot be used without assumptions on wavetype.

) »

_\_f Recognizing these limitations, we nevertheless use equations (10) and (21) as
> )
( guides to the analvsis of the three-component data. These equations will be
S . D . . .

'\(":: useful in parameterizing relative levels of coda and coda decay between isolated
5 \'

:;': recievers but are clearly deficient in addressing all of the scattering

.t . - . . . .

o mechanisms which are probably important in teleseismic coda development.
»ua . .

oAt Some operational aspects of examining coda decay are patterned after

\.:.\

:.i: previous studies (e.g., Richards and Menke, 1983; Frankel and Wennerberg, 1987).
R
( Observed three-component data for a single event are first narrow band-pass
o

,\:ﬁ filtered with a Butterworth recursive filter in the forward and backward

Lo -
A “ directions. The two-pole filter used had corner frequencies of 0.25 and 1 hz so
» .. .
D 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
ASN
f'_h: the signal, choosing t; and t (equation 8) from the duration of large motions on
S

o the vertical component and integrating over this time interval. The power of
i

' j'\-: the direct wave was estimated using all three components of motion over the
.)"\',,'

N . . . .

' ‘:_:: time interval inferred from the vertical component. The integral of the squared
Low

el

® velocity used for equations (10) or (21) was the square root of the sum of the
D

] . :
oM squares of the integrals from each component of ground motion. Each component
'.r\.

Cat)

;“: was then scaled by dividing the square root of this total squared velocity
YRR

S

[ integral. The envelope of each component was then computed by forming the
.V,

..“f‘ . . . . .

::‘ analvtic signal (Farnbach, 1975) and taking its modulus. The total coda time
vy
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series for one event was then found by summing the squares of the envelopes of

the three components at each uime point and taking the square root of the sum.
Resulting coda envelopes for separate events were then averaged to obtain a
better estimate of coda level.

Figure 11 shows the results of this process using four deep earthquakes
reccrded 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 decayv curve in Figure 11 and show
that an apparent scattering Qg of 200 to 300 is required. The coda time decav
appears to be very slow and is roughly consistent with i»/\_/f found i1n this model
of scirtering.

Figure 12 demonstrates, however, that the simple 1D simulations are not
consistent with coda decay following equation (10). The coda curve for the "20%"
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 laver 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 laver thickness of
30 km. The observed coda decay is linear on the logarithm plot and falls off
much faster than imptied by (10). The linear fall-off is consisient with the
scattering laver-over-halfspace model where coda energy diffuses out of the
laver into the halfspace governed bv equation (15). The 1D simulations included no
effect of anelastic attenuation.

Figure 12 also shows least-squares linear fits to the coda decay to obtain
Qs and ¥ in equation (21). The slope of the log-coda curve vields Y and the

zero time intercept can be used to directly solve for Qg. The standard
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ety devintion of the leasi-squares fit was also used to estumate allowable Qg
"
iy A . _ L
:'.o' varnetien by oaddine and subtracting the standard deviation from the zero
n!l.l.
('_’_ mrercent time to find a lewer and upper bound of Q. respectively.  These
-\.~': i values are displaved Table 3. Coda from the simulations show that the diffusing
'\::\
:.-: laver madel correctly predicts the form of coda decayv although the model does
S
! y n~r formally treat the scattering mechanism of P to S conversions within the
)
s . . . -
\,ﬁ: liver. The decay rate is very sensitive to the velocity standard deviation but
X )
Ay .
: o Q. estimates are surprisingly the same, within the error of determnation.
(' It is interesting to compare results for PAS with those from another
L]
i | - L
7 \-:. station to get an appreciation for the level of scattering implied by the data.
D -
v,
o Three deep events recorded on the broad-band DWWSSN system at SCP (State
V1aTy
d Coliege. PAY were analyzed in the same way. Event parameters can be found in
i\"‘
o Table 4 and the data are displaved in Figure 13. The Benioff 1-90 and
oG intermediate-period DWWSSN systems are sufficiently similar for the purposes of
{, N this comparison, particularly since the same band-pass filter was used on the
i
N ‘
N data.
la Y
£
o 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,

L)

>

5

198% personal communication) and gives rise to lower amplitude Ps conversions as

Cal
_;-: well as coda. Coda decav for SCP is twice as fast than that observed for PAS
o
.,__ (Table 3). Qg is found to be lower for PAS with use of equation (21) giving a
AN vatue of 235 compared to 582 for SCP.
i
0l
v .
., Diszussion
.
NN The scattering laver-over-halfspace model reproduces the principal behavior
n e of the 1D structure simulations (Figure 12) and is comsistent with coda decay in
LS
_.,A_,. the FAS and SCP data. The simple assumptions of homogeneity of the coda field
T
A and diffusion of energy into the halfspace seem to describe the basic mechanisms
N
r,;.-
" e
® .
— —29~
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:}4 of coda formation and is consistent with previous observations of the behavior
'ﬂ'

N of data and 2D simulauon studies

y

- \ki and Chouet(19731 estimated the diffusivity of the lithosphere in Japan

;'ﬂ

2 and Cualiforniz using a diffusion model of coda formation applied 1o local

ﬁ - . e . . ~ e
i'q earthguake data. Theyv found high diffusicn rates having the effect of
‘. homugenizing the coda field behind the wavefront. Frankel and Wennerberg(1987)
.1'-‘ . . ~ . s .
b took these ideas further by examining the coda field in finite difference

-

*I
',f{ simulations and coastructing a simple energy flux theory to explain the formation
t
f.

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

‘T

3 .
"\\ across the laver boundary are reasonable, the actual mechanisms of coda

L]

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

‘ rrotiem of estimating coda energy from an unknown wavefield.
e Much of the coda in the 1D simulations is a product of P to S conversions
.

o

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

IR}

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

5T ORR

'] conversions will occur. This can be verified directly by calculation but can be
:l
b easilv seen in the behaviour of the conversion coefficient at a boundary. Thus,
W
it can be expected that coda fall-off and levels will change for waves of

:_‘- difrerent incidence angle if 1D structure is appropriate. P to S scattering in
v

: 2D structures 1s more complex (Frankel and Clavton, 1986; Mclaughlin et al 1983)
.

.‘ tut appears to become less sensitive to incidence angle. P and S to Ravleigh

~

~ scatisring is probably a major component of the coda field at relatively low

N

: frequencies (<lhz) (Aki and Chouet,1975). These scattering mechanisms may control
)

a the coda formation in the data presented here. In terms of the application of
i~ equation (Z}) the problem amounts to estimating d, the scaling factor relating

::j energs asity to wave amplitude in equation (4). Even for 1D structure ¢

. . . . .

° depends on incidence angle and includes the free surface receiver functions (e.g.,
- Helmberger, 1968). It is of some interest to examine the energy partitioning in
4.'
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the coda of the simulations and. making some simple assumptions, the partitioning

seen 1n the data.

A< an appronimation, consider the coda power being composed of S-wave,

and P-wave, T, powers

O -
T Tl - ) (23)
Also define the energy partitioning coefficient by
A—-CC
r = = . (24)
S
P
For rplane wave propagation
T = AD1
—— R O VA
C. s )
' (25)
T~ Toal ]
‘: g p J

1

where . I are the estimated integrals of squared velocity for

s and

S-wave and P-wave motions, respectively. The S-wave velocity is given by §. For
1D structure models and for incident P waves of small incidence angle, S-waves

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

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

by 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

done for the waveforms obtained from the 10% and 20% 1D simulation models. Both

models give similar resulis where, for the rav parameter considered (0.06 sec/km)
in constructing the svnthetics, roughly 70% of the scattered energy nccurs as
S-wave energy ( A value of 0.7 + 0.3 was obrained for both simulations using the

individual waveforms of each model realization.) Changing the ray parameter to

0.04 sec/km, appropriate for source distances of 85° reduces the S-wave energy
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to 307 and less for the synthetics. The free curfuce effect s assumed o be
the same for both P and S tor these low angles of incidence.
Small differences in correcting the data tor wave propagation etfects are of
little censequence to this discussion since wave types in the observed coda
data are largely unknown. We treat the observed data in the san 2 way where

the 8- and P-wave integrals are defined as:

T z
M T
AS—— \: Pt s }
SN 3 ! N g
s (~6)
t
o= T '
Py ’

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 + 0.4, a factor of 2 to 3 greater than expected compared to
the 1D simulations. This result is consistent with the coda being comprised of
low 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 velocity in (26) will cause the energy to be overestimated. These
7

b
2
~s

observations are consistent with observations of the coda at arravs (Aki, 19
AKki and Chouet, 19735) and from theoretical wave propagation calculations (e.g.,
Levander and Hill, 1585). Powell and Melizer (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 leve!l and coda decay at PAS is inconsistent with
piausible 1D earth models. The observed data show slow coda decay implying a
relatively long dwell time of coda energy in the crust as well as high
amplitudss. The high amplitudes are consistent with the coda field being
primarily composed of scatrered surface waves. Even the coda decay seen at
SCP implies unreasonable 1D structure since the data imply virtually the same

attenuation and decay as the 20% velocity model (Table 3).
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Thewe asoecty of the rocenver function data can be routinely guantified in
crher data o sots o motivate an ointerpretation of structure under a receiver
19 tho rocenve:r tunctr noooda data show tendencies that are inconsistent with
smple D mode!s then nsversion of selected phases at long lapse times (>10 sec)
stoarrival or inversion of the entire waveform becomes suspect. This
suttoo et curprising when one simply looks at the anomalies contained within
et but the theoreucst treatment presented here can help quantify both
the pre<s chuaracteristios of the observed data and the justification of a

The large size of the initial inferred Ps conversion with anomalous particle
moann implies the existence of an interface which dips to the north under the
Surm Gatriel Mountains with a gentle dip of 10° or less. The large relative
ampiizude, seen alse on long-period data, implies an S-wave velocity contrast
greater than 1 kmisec. It 15 conceivable that focussing due to a curved
interface accentuates the Ps conversion relative to direct P. However, it is
i'hoult e produce such effects unless the interface radius of curvature is

Wi

comparable 1o the denth of the interface (Lee, 1983) so that a caustic is formed

21 the surface.

The northward dip of the interface suggests that it is a major structure
asstoiated with the southward overthrusting of the San Gabriel Mountains. If
tne amplitude of the conversion 1s due to large velocity contrasts, then a low
velcnity zone 18 required at mid to deep crustal levels. It is interesting to
note that this low velecity zone occurs just under the seismogenic zone of the

reg.on anZ mav be the seismic signature of the decoupling zone of upper crustal

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

The receiver function data set for PAS suggests the scattering 1s occuring
in a highly heterogeneous crust.  Broad-band Benioff 1-90 data frem teleseisms
show anomalous tangential particle motions and a high amplitude coda which
Jdecavs slowlv. Initial portions of the radia! and tangential recenver functions
~how a coherent inferred Ps conversion which displavs a pelarization anomaly of
459 for most data. Using the amplitude, polarity, and timing of this phase seen
in stacks of the data and from a direct observation in an ncident PKIKP phase.
a high S-wave velocity contrast (>! kmysec) interface is inferred at approximately
20 km depth. The interface dips less that 10° to the north and appears to be a
major structure associated with southward overthrusting of the San Gabriel
Mountains.

Observed code level and decay was examined using two methods. One wac
direct simulation of 1D stochastic structures. Plane wave svnthetic seismograms
were computed for random plane lavered models with an exponential correlation
function and with 10% and 20% standard deviations in velocity. The PAS data
showed larger scattering effects than the simulations indicating that geologically
unreasonable 1D models are required to explain the coda data. The 1D 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 laver over a
homogeneous halfspace. A scattering laver model was considered since it is likelv
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-

neously within the laver and that coda energy diffuses across the laver-
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BN , .
‘:ﬂ halfspace boundary. Coda decay i1s seen to be controlled entirely by the
24
:. diffusion constant of energy flow across the laver boundary. Synthetic
s
seismograms from the 1D simulations show that the simple energy flux model
) A R . T . .
Yl explains the form of coda decay. One implication of this model is that the
F\
b diffusion effect is indistinguishable from anelastic attenuation. Thus, it is
Yl
) o . .
v likely that teleseismic coda data cannot be used to estimate local anelastic
" ‘:
", attenuanon.
<
W . .
oV PAS and SCP data from selected deep earthquakes were analvzed using this
s
model and it was found that PAS had a lower scattering Q¢ (~239) compared to
N
" SCP (~582) and that the coda decay for SCP was twice as fast as that for PAS.
oS
) The absolute values of scattering Qg 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
Aﬂ
“.:. stations shows that scattering is lower in a tectonically quiescent area with
o
l less variable geology as expected.
£ . . . .
j:. An analyvsis of energy in the horizontal and vertical components of the 1D
N
’
s . : ;
_".\ svnthetics and the PAS data suggests that much of the energy contained in the
J‘
y observed coda is from scattered surface waves.
i~ . :
Y Finaily, the observational techniques proposed here can be used to justify
~

or not justify the use of 1D plane lavered inversion models or the analysis of
1solated phases late in the coda of receiver function data. The PAS data are
clearly inconsistent with geologically plausitle 1D 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.
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\ . . . ~ . o~
h : Nominal instrument consgants for the Benmioff 1-90 system are pendulum
:’“ period of 1 sec. galvenometer period of 90 sec, damping constants of 1 for both
Ao : . : . e
w the seismometer and gal ymeter. a coupling constant of 0.05, and magnification
i . : N N
o™ of 3000 (H. Kanamori. personal communication 1987). A calibration of the syvstem
& . .
- was started in 1962 but was never totally completed. Calibration of the vertical
)
5K e . - , . . .
'\'.. comnonent showed a peak magnificaticn of 2700, 10% under nominal specifications.
.
:“ Experience with the system suggests that instrument constants are good to
A
z'..
14 about 30%. Because calibration of the instruments can affect the results of
=s"_".'.- rotation of the data and the source equalization, 1t is of some interest to
0
vy . . . .
'-J.: examine the results of errors in the instrument constants. It will be assumed
NN
*.. that the receiver response 1s ideal consisting of motions confined to the
gy . . . . . .
::.' sagirtal plane containing the ray. Vector rotation of the horizontal displacement
WO
. components to obtain radial and tangential ground motions follows
"
N
A.i .
"'i‘ Us il = - u\(:) cos(8) - uolt) sin(8 1
SR i [
'
::: Ol - e ' Y [a3} ( (Al)
’: L= = u!\ ., SN o, LEL\-; CCS(V, j

- - - ‘.
e

where the subscripts R and T denote radial and tangential motions,

‘ -
[\ m
535 respectivelv, and the subscripts N and E denote north-south and east-west
"

j,' motions, respectively. 5 is the backazimuth angle to the source from the
J:‘.f

_,:-: receiver. 1f the respective instrument responses are given by in(t) and ig(1),
PUR]

s L :

.“ and Rft1) is a common radial response for plane lavered structure, then

APy 2 2
A , S , -

SR '.‘—_2“/ = R Py ees & o+ le(t) sin & } l

;;1: | . (AZ)
A U= = R L) - i) sin26/2 J

AN ¢ - i

@
- v

T

."‘:.
1

,::,

‘h-&n

e -41-

R |

u”‘.'
",“',a AN
Pl ety

N A T A Nt A R A S LR C CA LA TR R PG TR - ¥
y \ \ ‘ AL SCRCE TS = ' L
ST LR b IR D0 AL Ctiers \ DL SN '“ i

P L h L e oA
.:*"‘.. ._f"‘..f z :b\ \ ¥
$ 3 . 2 + - 0 - .



225

v

)
o _1.?

P 2 ]

s

3

e

o,
P

I,

Y

NI
2|

A:_‘J"} A

@

Nn e
.’ ’_ l. "'

N

i @
Lafall

< . [ 3 Q ‘- ﬁ
o e '.’4":',(',,"

&
i
+

L o
AT

-

'
-
—

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 €

such that

; Ve (4 R Ad
L= re) iy | (Ad)
where i(t) is the nominal response then, assuming a backazimuth of 459,
wp ERE T [t re)
-t = R i {2 €} J

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
rdentical to the radial component in waveshape. The data for PAS (Figure 2) snow

extreme differences in waveshape between the horizontal components which cannot
be due to magnification errors.

The equations for electromagnetic seismographs (Hagiwara, 1958) 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. Theoreticail
responses were calculated in the frequency domain and inverse Fourier

transformed to obtain impulse responses. Using equation (A3) as a guide, the
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perturbed responses were then subtracted from the nominal response and then
Fourier transformed to obtain the amplitude spectrum. Thus, the four curves
helow the nominal 1-90 response seen in Figure Al are the amplitude spectra of
the differenced impulse responses. They can be considered numerical derivatives
ot the instrument response if divided by 0.3, According to equation (AZ). these
curves would also be the spectra of the tangential impulse response.

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

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

2]

the spectrum. A S0° phase shift is evident at 1 hz which, for band limited data,
would 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 svstem cannot explain the anomalous particle motions seen in the data.
It zannot be discounted that magnification errors may occur in the data. An
empirizal 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
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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Jemensirate that major off-azimuth arrivals occur on both horizontad companents
ter events with different backazimuths.  Figure A2 shows the first 10 seconds of
e Powaveforms for the 02 01 73 and 12 28.73 events (also see Figure 20
Polatities have been adjusted to make the waveform comparison clearer and the
I-waves have been aligned in time. The arrow in the middle vair of plots shows
the location of the large Ps conversion studied in the main bodyv of the paper

It clearlv occurs on the north-south component for the 0270173 event and on

the east-west component of the 12,2873 event. Likewise, the corresponding
east-west and north-south components (right pair of waveforms) show similar
waveforms between events without the major arrival. This comparison shows that

both horizontal instruments behaved in a similar fashion for the same wave

propagcation effect.
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Tatie 1 - Pvent Parameters tfor Pasadena Data

SO

\.:_-.

::e_:j Origin Lat  Loan  Mb Depth Dist. BAZ Stack
N Date daimer UTy (Degl) (Deg ) (hm)  (Dep.) (Dee) Group
S

N

\ O3 17 60 1553033 2SS 1TOIW 62 639 799 2361 235
PI200TE QTIIE00 1348 1TG9W 6.0 351 81.9 2348 235
s 2 01Ty 051420 2278 62I2W 6.0 229 T76 1284 128 *
whe 1228 73 053106 23095 180.0E 6.3 549 §2.3 2345 235
g (3 23774 142835 239S 179.8E 6.1 535 825 2346 235
'S 102074 041229 17.9S 178.6W 6.0 602 774 238.] 235
( 112G T4 220820 307N 1383E 6.1 419 833 3025 315 *

02 22/75 22:04:37 2495 179.1W 6.2 375 824 2337 235
o 06 20075 10:537:41 38.8N 130.0E 6.2 560 839 3132 515
o 01,2376 054530 755 11°9E 64 614 1200 2824 235
«-:-e" 1271276 01:08:50 280N I139.6E 56 491 839 269.7 315
3’-\; 092378 16:44:26 11.0S 167.2 6.5 200 854 2499 235

® 42479 (1:36:14 2085 178.7W 6.0 430 794 2360 233
_‘(,'-C'_{ 05 13779 06:38:15 189N 1453E 59 250 848 289.2 315
.Q.» 05 21,79 22:32:538 1525 70.1W 6.0 208 67.4 128.8 i28
'}.’: 0672779 09:5803 7.IN 82.0W 58 150 429 1206 12

16,79 21:42:44 418N 130.7E 588 81.5 3152 315
23779 23:49:04 48N T76.2W 64 200 486 117.4 128
1211780 182626 21.3S 68.1W 6.1 100 729 1316 128
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* - Used in coda analvsis
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NN Table 2 - Plane Lavered Crusial Models

J Laver Vp (km:sec) Vs (kmsec) Density (emscc) Thickness (kmj

Hadley and Kanamori Model
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Table 3 - Q. and * Determinations for Coda Stacks

Least-Squares Fit

Coda Suack [ntercept Stope Stand.Dev. Qg i High Q Low Q
oo Simelation <0970 -0.050 0 0.079 544 0.229 784 380
Simulaton  -0.985  -0.0098 0.057 584 0.045 76 450
PAS Data ~-0.789  -0.0047 0.075 239 0.022 337 169
S0P Datn -0.984 -0.0052 0.105 582 0.043 934 359
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eterminations where found using equation (21) for a 30 km thick
with an average P velocity of 6 km/sec.)
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Table 4 - Event Parameters for State College Data

Origin Lat. Lon. Mb Depth Dist. BAZ
Date Time(U'T) (Deg.) (Deg.) (km) (Deg.}) (Deg)
12/21/83 12:14:18 28.2S 63.2W 602 70.0 166

08/08/85 16:35:58 6.1S 1134E 5.7 596 144.0 341
08/12/85 04:36:43 7.08 117.2E 5.6 599 1438 334
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Froure Capuions

Ficure 11 Sketch muap ot southern Calitormia showing the location of PAS station
and mater faults of the area.

Figure 2: Selected duta trom deep earthquakes (see Table 1) recorded on Bemioff
1-90 instrumentation at PAS.  Z. NS, and EW waveforms denote observed
vertical. nerth-south, and east-west components. R and T waveforms are the
reseit of rotaning the observed horizontal components into the theoretical

backazimuth of the rav. The distance and backazimuth angle are given, in

order. in the parantheses to the right @ each event's date. Note the time
ale difference for event G1/23/76.

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 deviauon 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 azimutha! dependence of the Ps
conversicn on the radial components. The waveforms have been shifted in
tasaline for viewing purposes.

Fizure 3 Parucle motion plots for the 315 and 235 degree equalized waveforms.

Lol PN
LRI W N

¢

The waveform data are displaved above the radial (R or RADI) - Tangential (T

»

.
)
L.

or TANG particie mouons. Arrows are shown on the particle motion plots

every (.5 sec. Waveform data included within the brackets are plotted

oayefe
v v T
‘i‘l'l‘l s

below, Maximum amplitude for each waveform i1s shown to right of the

-"‘

i TENCAEY

e

waveform. Note that the P waves in both cases are polarized in the

U]

expected ray direction but the inferred Ps conversions have a polarization ]
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SR anomaly of 45 degrees.
)¢
::‘-j Figure 6. Comparwon of data from the 11/29,/74 event recorded on '-90 (bottom:
-\. . . .
and 30-%0 instrumentation at PAS. The arrows show the location of the P
=N conversion discussed in the text for both data sets. Note particularly the
\':\
e extreme amplitude of the Ps conversion relative to the first P arrival on
-
A
o both IPN and LPN components.
_‘- Figure 70 Particle motion plot of the horizontal data for the 01/25°76 event.
Cd
“w
N4 . C . .
ﬁ'j-, Dama included within the bracket are plotted below with arrows occurring
Lo
: every 0.5 seconds. The Ps conversion is polarized almost perfectly
- northward and indicates the direction of dip of the causitive interface.
~
s : . . . .
o Figure 8 Comparison of synthetic radial waveforms for the two models ot Tavle
h
".":\.’ . .
N 2 with the 235 degree radial waveform stack. The arrow for the H-K
. . . .
s (Hadleyv-Kanamori model) waveform shows the location of the Ps conversion
AN
:.:-‘:. 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
A . . . .
A shown are the stochastic 1D models used in the calculation of the synthetics
N
,',:,-: displaved in Figure 10. Note that velocity and depth scales are different
®
among the plots.
e . o
~ e Figure 10: Typical plane wave svnthetic seismograms computed for three
s realizations of 1D stochastic velocity structure. Vertical and radial
DAY displacement components are shown. The top traces are for 2 model
|(¥
o ] g . . . . . - .
'y containing a laver 30 km thick with an average velocity of 5.5 km/sec and a
o
v _y , . .
q?}; standard deviation 10% of the average. The center pair of svnthetics are
j--f for the same crustal model as the top pair but with the addition of a high
e
—.‘.-
-50-
® !
o8 1

IR B MO
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)

s . . ; . .
‘l.‘ velocity (8.0 km sec) halfspace.  The arrow points to the Moho Ps conversian
q‘::q on the radial component.  The lower pair of svnthetics were computed using
( a laver thickness of 60 km, average velocity of 6 km'sec and velocity
::;: standard deviation of 20%. Ps conversions and reverberations start 1o
P
. '_N.‘ 4
b;: artain amplitudes seen in the PAS data.
T
) Ficure 111 Envelope stack of the three-component data of four earthquakes (see
R . N o
O iabie 1) recorded at PAS. The envelope is shifted 10 seconds for display
s

s purposes. Lines show predicted coda levels for assumption of scattering Qs

5 A

of 100, 200, 300, and 400 using the wholespace energy flux model (equation

e P

-S ;
) :’3 10, Scattering Q at PAS is approximately 200 to 300 but the coda appears
o
Sl .
::_" w decay slightly faster than predicted by the model.
3, LS
P o
P Figure 12: Coda envelope stacks for the ID simulation. The "10%" envelope is
Y
>
.N -
;:'_'. the stack of 18 vertical and radial synthetic seismograms produced by 9
,
7
::-j realizations of the 30 km thick laver model with average velocity of 5.5
oA
km, sec and velocity standard deviation of 10%. The "20%" envelope is the
N ) ) ) )
] stack of 20 vertical and radial svnthetic seismograms produced by 10
.-
T realizations of the 60 km thick layer model with average velocity of 6
o
km/sec and velocity standard deviation of 20%. The straight lines are
.
e least-squares fits of the coda. Qg values are those inferred from the zero
n
A
-.j." lapse time intercept of the linear fits (see text). Note that coda decav in
Ny
P
‘\' . . . .
® the 1D simulations agree with the assumption that coda energyv follows a
o
‘ diffusion law for leaking into the halfspace. Coda decay is controlled
: entirelv by this process in the 1D simulations.
.' Figure 13: Three component data recorded at SCP (State College, PA) on the
\"J
k o . .. . . . .
; f_'a DWSSN intermediate-period system (Table 4). Long-period noise seen on some
S
b
O . , .
L horizontal waveforms (e.g., 08/12/85) was largely removed by the bandpass
v
"
Y filter used in this study.
':q
:'_{: Figure 14: Envelope stacks of the PAS and SCP data showing least-squares fits
3 :r-'
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of a line through coda with lapse times greater than 10 seconds. Qq

inferred from each lines’ zero time intercept is also displaved. Coda excited

at PAS attains higher levels and falls off more slowlv than coda at SCP.

Figure Al: Amplitude spectra of ihe nominal Benioff 1-90 response (top) and

response differences (lower curves) assuming 30% variation in damping and
free periods of the ceismometer 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 02/0i/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 12/28/73 event for
comparison purposes. The vertical components are simple showing 2 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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