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"vPeace, and the three Canadlan network seismic statlons,'

ABSTRACT R - T
N - .
&
The variable aperture seismic array (VASA)'is
used to 1nvest1gate the upper and lower mantle of the

earth by meashrlng dT/dA and the azimuth of arriving

IS

boly ‘wave phases.”
‘To-study upper mantle structure a'form of coherency

veloc1ty 5pectral analy51$ employlng a zero lag cross-

correlatlon technlque which scans seismic channels in

slowneSs, t1me, and. a21muth has been applled to the P

L

codas of a ‘number of teleselsmlc events collected by

"‘VASA durlng 1970.‘ ThlS method has revealed systematlc

~

_patterns qf arr1v1ng energy which may be attrlbutable to

=‘reflectlons of the‘P wave off dlscontlnultles 1n the \’

vk

pupper mantle 1n the depth range of. 130 km to 170 km, and ‘.l

at 650 km Addltlonally, these patterns seem to contain

‘1nformatlon concernlng the source’ of the earthquake.

LN

VASA ‘and the other Unlver31ty of Alberta array,‘_'

EDM, FS&x and MCC have been used to make 4T/d4dA deter—
' T
mlnatlons : dlstances of 80° - 95°., Earthquakes

ﬂJapan, iz;a, and South America have small travel lme

station nomalles and phase veloc1t1es thal are in good

- ~

s
'agreement with the Jeffreys Bullen tables. Events from

Tonga and Samoa have phase veloc1t1es that are up to 15%

hlgher. The 1nclus1on of the a21mutha1 dev1at10ns Of



South Pacific events at VASA and LASA permlts the anomaly
»to be 1nterpreted as a heterogeneous region of hlgh

N %

veloc1ty in the mantle at_the qore-mantle 1nterface with

a Surface:projeption'lying northeast of the island of

Hawaii. ) ’ , ' //)///
S X ‘ S
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o ;2;; A O ) . . S
. " . § CHAPTER T 8
. : r o S N g ' b
THE SEISMIC ARRAY . - . '~
Y 4 ‘ . - ’ B . N S ,,,'
- 1. . The Use of'the-Arrayi' A

" L
¢ . L
s . .
v ' . .

1y

In recent years the advent of the’ selsmlc argay
has prov1ded geophy51c1st5 w1th a powerful tool for th%

1nvest1gat10n of the structure of the earth's 1nterlor.

\‘ .‘

. With the 51ngxe statlon ene 1s presented w1th,a 51ngle

A ot
o record in t1me gt any %olnt along whlch there may be not
1 '

4

one bit several phases arr1v1ng 51multaneously whlch

T

cannot be separated and 1dent1f1ed in. tlme. Wltn the to

~ [

A *

array, however$ one has a number of tlme records drstrl- )

L]

buted 1n space so that events whlch arrlve together 1n é

tlme may be separated by veloc1ty and a21muth This is

P\ecause the\small dlmen31on of the array [(of the- order

1,

0

o

of 150 km) 1n comparlson with theé source—to—receiver pathy,

lehgth results in the wave' tralns appearlng at the e

®

1nd1v1dual sensors of the array being. very nearlx

\ a2

varlous array data proce551ng schemes one of whlcﬁ w;ll 5

- be dlscussed in the second chapter.r Iﬁiaddltloh the

array ‘as a whole observes a "bundle" :of rays which have
traversed the 1nter10r of the(EQFth in a narrow cgék fgém

the source thus permlttlng the detalled 1nvest1gatlon of

locallzed heEErogeneltles along 5913 path as w1ll be seen'

4

N . o * s » . B
R O S SR ..

éoherent The data redundancy then<1ends 1tself to.. .,;:;}y',b

N,

48
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in the third chapter.

| An extremely useful parameter'of vismic observa-
tions is the apparent sloWness ar/dA = p,\ here ar/da. is
the travel tlme dlfferentlal W1th resﬁect to dlstance, A,
and p is the wave parameter The large aperture selsmlc

' array can dlrectly measure this parameter by determlnlng

the apparent velocrxy (dx/dT) which is the speed and

dlrectlon of the ﬁavefronts of the body wave,phases‘
generated ﬁan earthquake ad they cross the array.,) The
usefulness of the parameter p arises’ from the fact that
the wlechert-Herglotz 1ntegral (Bullen, 1963) which
requlres p as a function of A 1s_§/dlrect method of 1n-‘
L——‘/y\ertlng SElsmlC veloc1ty—dlstance observatlons 1nto . -

; veloc1ty-depth proflles,prov%dlng-the-earthwis spherically
symmetrlc.S Knowledge of the azimuth "the 1ncom1ng ‘wave-
front is useful for determlnlng the amount of dev1at10n
the raycsufﬁers along 1ts -path and whether thlS deviation :

'.1s large enough to rule out the assumptlon of the earth'
approximate spher1ca1 homogenelty upon whlch the Wlechert—'
Herglotz method depends. An array hav1ng three or more

sensors (of a 51ngle polarlzatlon) can measure both the

A it veloc1ty and the azimuth of’a phase 1ndependent

’
¢

i of one another.
In order to study locallzed effects w1th1n the

earth it is necessary to employ body waves 51nce thelr



."a more serlous problem. (Iyer and Healy, 1972) and can be

shorter wavelengths wlll‘permitigreater resolution than
the use of surface waves Or normal modes or the long
perlod dlffracted P (Alexander and Phlnney, 1966)'or Scs
(Mltchell and Helmberger, 1973) phases The® unlqueness
of the: structure as . determlned by 1nver51on technlquesv
w1ll then depend on assumptlons about the nature of low

i

veloc1ty channels, the completeness of the selsmlc data,
and the proper 1dent1f1cat10n of the 1ncom1ng phases
.N?rom sensor to se . »r in the array.» At teleselsm1c<;

dlstances (4 > 307 the apparent ‘slowness, dT/da, a

‘determlned by an array is 1ndependent of the origin ™,

s
tlme of th garthquake and is only slightly depen entﬁ\V/¥’

on source ects such astzadlatlon patterns,'near~source

rstructure, .and source dep and locatlon 51nce one is

fdeallng w1th a very narrow cone of nearly parallel rays

'For. an arfay comparable to the ones used in. thls study

Ahav1ng an aperture of 150 km this solid’ cone of raYs has
angular dlmen51ons (de. d¢) of 5'\\y 57° at a.distance of
900.” ] - ) - S
The effect of structure beneath thevrecelver 1s L
Y
emplrlcally evaluated by examlnlng events from many
dlfferent az lmuths and dlstances. ThlS should have the
Teffect ~f reveallng only gross subrecelver s*ructure

, ’ & .
slnce ‘the large aperture of %he array when convolved

ey .
vty

* - -



’w1th/5;ustal and upper mantle variations wlll average out.
all but such gross sty ture (e.g. a dipping Moho) . |
\Hence, the sr. _e¢r e array aperture'the more
negligible.wiil be tr.  source dT7dA and a21muth effects
'hand the more restrlcted will be the cone of rays into
the receiver system maklng the resolution of1§tructure’
in this cone more detalled However, the effect of
® Crustal structure beneath the recelver will become mygh

N , . ) 4
- [A
.greater in the case of the small array and may obscure k

4
*:

A
.-the effects are carefully studled and accounted for in .
P e
the dT/dA results. Large aperture arrays qf ‘dimension

structure encountered elsewhere along the Tath unleSS'/

150 =200 km: seem to offer good resolutlon for the 1nvest1-
gatlon of both upper mantle and lower mantle structure.
‘The methods used in thls work have been used
: prev1ously by Niazi and Anderson (1965), Johns ' (1967,
o ‘»_ _1469), Chlnnery and ToksOz (1967), Husebye et al (1971),
u Husebye (1969), and Montalbetti (1971). Halesvand<-
Herrin (1972) have done r.review of travel'times'and v

dT/dA observatlons. S o o » ' - 2

3

2. Recording'Instrumentation.and”Array DatavPreparation
. The pr1n01pa1 network for the achISlth? of tele-"

seismic’ data in 1970 was the portable variable aperture

' selsmlc array (VASA). 'The advantage of this portable o



»

, N

‘array over the flxed array- is that VASA can be repoE?—\-

tioned to adyantageous locatlons w1th respect tos the

.earthquake eplcenters. The 1970 array con51sted of flve

stations located 1n central Alberta. (figure 1) arranged

in two- equllateral trlangles 160 and 30 km to the 51de.

Each statlon con51sted of three Wlllmore Mark II seismo-

meters, a WWVB recelver, ampllflers, a multlplexer, and
anranalbg—to dlgltal converter system Flgure 2 taken
from Kanasew1ch et al. (1974) shows a block d1agram of
the modified trlpartlte dlgltal recordlng gain ranglng
system used in 1973 However, it does contaln the

essent1al elemﬁpts used in 1970 Flgure 3 shows the

5

are relatlvely unmodlfled by the system. The 51gnal from»

each sensor was sampled at a rate of 12. S tlmes/sec and

- was wrltten onto a magnetlc field tape holdlng about two

'days of data. The f1eld tapes were edlted and the events

passed to a statlon master'tape. ‘

A spec1a1 WWVB timer was de81gned which operated
by flrst producing 96 sec of synthetic WWVB t1me 51gnal.
1n blnary pulse code format generatgg

[

the 1nput hour and mlnute correspondlng to the flrst

1nterna11y from

_mlnute encountered in the data block to be tlmed

3
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) N \ a
. ) i / .
ed o B
-‘ﬂFigﬁre’l Map of sectlons .of Alberta and British Columb}a
shOW1ng the location of thé arrays used in thlS study.
. The solid c1rc1es denote the 1nd1v1dual selsmlc stations.
‘_
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Figure 2. Block diagram of the wide-band tripartite

o amplifier system.
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'Figure 3 Ampllfler galn of the trlpartlte system and
the comblned response of the ampllfler and a Willmore

Mark II selsmometer.
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- - | A? , O\ B » <)17h
and then by cross-correlatlng the synthet1c tlme signal
with the actual 'VB 51gnal The maxlmum cross-correlatlon
corresponded to the c01n01dence of the two proper mlnute
_marks and the fraction of the sampllng 1nterval or lag
for whlch this maxlmn; occurred was determined by a
three pOlnt parabollc fit to the correlation values.

Thus, from the number of lags the ‘block start tlme(could
be determined (for good signal to noise characterlstlcs
the prec151on of the t1me determlnatlon was tc within 1/4
of a sampllng 1nterval or, 1n this case, 20 ms). Clearly,
the accuracy of the phase times may become critical 1f
the array is small . | L
Once accurate data block start times were avalla-.
.ble the events were edlted such that the data for each
sstatlon had exactly two minutes of n01se before the'
‘Jeffreys—Bullen (J-B) predlcted arrival tlme for that
-event at that station. In addltlon, thé\three traces
on tape were time sh1fted 'so that they were each syn-
chronous w1th the WWVB tlme 51gnal The t1me Shlft was
fac111tatqg by a Smele linear 1nterpolat10n procedure
which 1ncorporated a correct1on for the 1nterrecord gap
'between blocks of data. At thls stage also,'the‘ 1” /.
Ipolarltles of the signalg were checked and any altera-“
'tlonsbmade. The modlflés\data was then wrltten onto a

final'master tape with -11 statlons reportlng an event

follow1ng ‘one another and w1th each statlon hav1ng a -’

<



. B 5o
\ s

Y

headerczxd 1dent1fy1ng the source (NOAA) and recelver

L
(VASA) parameters. This arrangemeg;eproved to be

‘tudy of the events.

The second array 1dent1f§§ﬂqih figure 2 as PEACE,
is operated by the Unlversity of Alberta’around the.
Bennett Dam on the Peace river in British Columbla and
dwas 1nstalled in 1967 to determlne the effects of crus~ -

tal loadlng. Each station con51sts of one -down- hole

vertical selsmometer the 51gnal from whlch is recorded

v

as a’ frequency modulatlon of pulses on magnetlc tape.

-
°

Absolute time 1s furnlshed by a WWVB recelver. The
vPeace array’ and the Canadlan network stat;on FSJ at,

Fort St. James, Brltlsh Columbla are 220 km,aparﬁ on

‘a great carcle path to the earthquake eplcenters in the
Tonga reglon. “An addltlonal two statloh comblnatlon was .
;prOV1ded by the two Canadian selsmlc network statlons
EDM at Edmonton, Alberta, and MCC at Mica ,c::eé_?, British

r

vColumbla. S . hﬂ
LA

i N - ' . .
;




o CHAPTER II | .
,k | : o ‘ k . - . . p . .

VELOCITY SPECTRAL STUDIES OF UPPER MANTLE STRUCTURE

~

1. Introduction

In this: chapter the concept of ve1001ty spectral'
fanaly51s whlch employs the coherency of the 51gnal \
(Covespa) will be 3pp11ed to the P codas of a number

of shallow teleselsmlc events as detected by the varia-
ble aperture selsmlc array 1n central Alberta dur1ng
1970. The algorlthm for the Covespa,}us1ng a zero lag
cross- correlatlon technlque has been orlglnally formu-
lated by the geophy51cal exploratlon lﬁdustry and has

. been modified to scan selsmlc array data not only in -
slowness (1nverse veloc1ty) and tlme but also ln aziﬁuth
prov1d1ng a "three dimensional" analy51s‘of the data
wh1ch W1ll be called a Covespacram

e - . J

2. Coherency Velocity Spectral Analysis

The established ideas of'Velocity'Spectral analysis
as applled to ‘the study of seismic waves enploying array'
data has been partlcularly successful in the, 1nvest1ga-
tion- of apparent veloc1t1es (the velodi%%gs at which .
wavefronts appear to traverse the selsmlc array) and the

dlscrlmlnatlon of multr%%@p from<pr1mary reflécted” energy

(Schnelder and Backus (1968), Taner and Koehler (1969),

¢
14 SR o

s
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l~however, that roper 1nterpretatlon of the Vespagram

o
o
-

J

|

‘DaVies, Kelly, and Filson (1971)) . Davies et al.

[

successfully employed the concept of veloc1ty spectral
analy51s, Vespa, in the 1nvestlgat10n of P waves and
of core arrlvals c103e1y spaced in tlme v Their method
has been used, by Doornbos and Husebye (1972) in conjunc;
tlon w1th the cross—correlatlon method of determlnlng
relatlve arrlval tlmes ofrselsmlc waves (thlS w1ll be
dlscussed 1n the next chapter) to study core phases.

The method used by Dav1es et al 1nvolves the

‘formation of a beam: by delay and summathn of the

"l

seismlc traces of an array and the determlnatlon of

_the power in the beam over a spec1f1ed tlme W1ndow

uﬁahwhlch is stepped (usually in increments: of 1 sec) down

/

"the res"ltant record. Thls process is then repeated for
—
dlfferent values of . slowness always keeplng the beam at
a constant azrmuth untll a.- two dlmen51onal plot

(Vespagram) of power in slowness and time is generated

_In actual practlce the array is p01nted 1n a constant e

a21muth toward the source and steered over a wrdb range

>

'of wave slownesses so that the power 1n the beam of .

< ‘

arrlugng waves in time may be examlned

—.33 bos. and Husebye (1972) have p01nted out,

oy

requlres knowledbe not only g ;e response of the ,3

‘array~as a functr\t ‘of slowness but also as a functlon .

/o 2 T A

N

o7
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of time. ‘The factors which'determine the time response
are essentlally the 51gnal varlaklon across the array,
the- duratlon of the s1gnal, andxthe asymmetry of -the
'-51gnal ‘ As they have dlscovered 1t ‘may be dlfflcult
to properly attrlbute energy to a.p e which follows :
very closely in time to a domlnant :jZival and is .
separated only in slowness due.to the leakage of energy
- into fldelobes as a result of amplltude varlatlons across -
the array,_

| | The process 1ncorporated in the Covespa technlquei‘
‘1nvofves a normallzed zero lag cross correlatlon which.
minimizes the problem of 51delobe leakage and reduces
jthe 11ke11hood of m151nterpretat10n of the Covespagram
by acceptlng only the hlgh coherency measures. The..

-equatlon 1s a. generallzatlon to a tqp dlmen510nal array

of ar one dlmen51onal form glven by Montalbe:ti/yl97l),

> - . fi t(¢ls_)' l+k t(d) S)

i .C¢(¢'.S',t) =m X z X = ,

St k 1
4 j@ fl t z‘f1+k t

' M is the-number'of channels

K

;-where,‘CC is the»cohe

(or sensors) 1n the array, k is an 1ncremental 1nteger
.on channel i (i # k), T is the length of the tlme w1ndow,

‘and f1 ¢ 1is the amplltude of the lth channel at time t.

‘The;computation starts by 1nsert1ng approprlate delays :

into'the‘traCes correspondlng to a- partlcular slowness,

N\

‘s, and a21muth ¢. Then, for each tlme along the records'
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» .
the iero‘lag cross—correlations of all combinatiors of
two stations withﬂn a specified time window (one second
,jfor compre351ona1 P, body waves and four seconds for
transverse «S body waves) are computed .normallzed to
unlty and summed Thus for an array of f1ve statlons
‘the summatlon would involve 10 cross correlation func—"
tlons. Slnce the cohefﬁncy, cc, .1s normallzed to unity -
rt w1ll glve a value of un1ty at a certaln time anhd
,slowness if the phases and shapes of the 51gnal w1th1n
the w1ndow at all sensors are the same. In practlce,'
the range of acceptable coheren01es (0 5 < CC < l 0) 1s
set h1gh enough to ensure that only srmllar 51gnals, ./g
“1rrespect1ve of their power;are plotted

By us synthetlc selsmograms as 1nput to the

v -

Covespa program 1t has been‘giterm}ned that although
low 51delobes do eX1st for the variable aperture'seismi%“"
iarray (VASA), 31gnal strength varlatlon causes no change

-1n the 51delobe pattern.A Thls is. shown in flgure 4 for .
-fsynthetlc data at a slowness of 6. O sec/deg. The effect

of u51ng the hl/gh coherenj values is shown in flgure 5.

6.0 db down corresponds to a coherency of O 5 and 20 db

-4

‘down. corresponds to a coherency of 0.1. Flgure 6 »
pdemonstrates that a prolonged wave train at all sensors
pmerely results in an extended Covespa pattern In

-addition to the slowness t1me responses the effect of

o W
'azlmuth on the Covespagram has been determlned



-

R

0.5.

o -/V\»‘w
Figure 4, Change in coherency pattern as a result of

amplitude varlatlon. In the flrst Covespagram all

sensors have equal amplltudes from a synthetlc event w
»

~with a slnwness of 6 Y sec/deg and with an a21muth of

235°! In the. second Covespagram the s1gnaB amplltudes

vat EDM an& RM2 are halved The insert shows the

approx1mate p051t10n1ng‘of the array,eiements with - -
, i , ‘ - b v %

respect.to EDM. The coherency values are;0.9,.0.8;...,

e
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Figure 5. The.‘e'f.fe'ct of‘vchoosing onli} high cohereyncy' ’

values _comf:ared.with the ?{cibél écale.
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.Figure 6. The.éffect of a prolonged wavétrain being
directed into the array.
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Whlttomb (1973) has pointed out that using dcl lay and

summatlon (a linear process) the 10% amplltude p01nt

for LASA 1s‘+16° The Covespa process w1th the VASA

array has a very sharp a21muthal reSponse 51nce for at
synthetlc event the 10% coherence points are #4° from' N Qhﬁh”
the actual event dlrectlon (flgure 7) _kTherefore, this
process can be used in conjunctlon with VASA as an
a21muth—slowness —time dlscrlmlnator.- ThlS has been
readlly accompllshed by reae51gn1ng the 51mple Covespa
pProgram to. compute. and store complete Covespagrams for ’ 3 C“%
a number, of a21muths/{1”'1ncrements of say one degree) i'n -,'u'}
produc1ng a “three dlmen51onal" Covespagram (see Appendlx) v'iﬁ
Then, for each coh€rency maximum in tlme the optlmum T :J} .;:;
slowness and a21muth are determlned by parabollc curve
flttlng. Also, for each max1mum the Optlmum tlme is b?,i:‘ffté
getermlned by the same method. This procedure is thenlﬂ e Qﬁi}

repeated for each maximum of the Covespaqram in tlme

1

3. Observations = . . - o R p o | L 5;%

The teleselsmlc events used in this dlSCUSSlOD

are from ‘the South Pac1f1c reglon and Asia (the a21muthal » L ;*ﬁ

-ranges belng 230°—-260° and 330° lO° respectlvely) and _ ’ ST
~.are in the ep1centra1 dlstance range of 84°- 95° - These A°J‘Jff;

events are among the 100 events recorded by VASA durlng 9

B 1970 and were also used in the. study of the 1nhomogene1ty



Figure 7a. The effect of azimuth on the COVespagram as

“#he. array is steered in 1° 1ncrements on elther 51de of

‘the event direction'(235°).‘ The event slowness is

6.0 sec/deg. The p051t10n of the array sensors w1th

respect to EDM 1s shown’ in the 1nsert -

b. The: array response in coherenc1es as a

>

ray.

'functlon of a21muth for the VASA 1970 ar

¢

b
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~beneath the island of Hawaii at the base of the mantle
(see Chapter III) All the events used in this chapter'
have a magnltude of . 5.1 greater. | a

' Each of the followlng sets’ of flgures contains
‘three‘separate plots which have been allgned ‘SO that-
they relate 1n.t1me, The ‘upper plot shows the informa-
tloh from the a21muth—slowness tlme extractor wthh has
‘ detected the coherency maxima of the P coda and plotted -
the a21muthal dev1atlon (true beaﬂlng - geocentrlc

a21muthi and the slowness varlatlon on expanded scales

AS Of time along the record. The solid llnes

’.301n1ng the_symbols on these plots are 51gn1f1cant only
as a v1sual'aid. Dlrectly beneath th1s plot is the
Covespagram derived from the optimum a21muth deplctlng
100 seconds of P coda 1nformatlon and below thlS 1s theb
: beam formed from the optimum a21muth and ve1001ty.
Observe that not eVery point in the uppermost plot
coxnc1des 1n tlme and slowness w1th a coherency con&gur
on the Covespagram. The a21muthal response,. for thlS
process is- v Xy sharp and because the Covespagram 1s

- generated for only one partlcular d1rectlon, energy |
arriving at an angle Whlch deviates from that used for
. the Covespagram may be elther suppressed or completely }
obllterated dependlng on the extent’ of the dev1at10n

Flgure 8 shows event 64 which is from the Tonga

region. The energy 1s constant in slowness and azxmuth

‘ﬁ(
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)

FigUre_S./ Covespagram of event 64 from the Tonga»

N

\'8;’, and depth = 33 km. R

B Islands. A_E 89°,'magn1 e

«
’

The upper plot showi the slowness and the a21muthal

dev1atlons of the coherency max1ma in tlme, the mlddle
“ .
plot shows the Covespagram for one az1muth and the'

-

| thlrd plot is the beam formed for one ve1001ty and

.,a21muth o t . - ’

. . .
1 : . - . B
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for the first‘lS—ZO seconds;. The slowness and azimuth -
then exhlbrt systematlc variations at 30 seconds and
again at 70 seconds from the initial P wave arrival,
AThe coherency contours of the Covespagram and the ﬁave
traln of the beam formed trace ‘suggest that energy
arrlves in groups of about 30 seconds in length repeat-
ing every 35 to 40 seconds Thls tralllng energy |
phenomenon has been seen before. by Davxes, Kelly, and
Fllson aory. @; .

‘The Covespagram oﬁ)thls event &as been extended
out to 350 seconds (flgure 9) in order to better dls-,r'r

cern the 1nd1v1dual energy grouplngs and the repetltlve.f

nature of . thelr arrlval After approx1mately the thlrd

pronounced in time. The PP arrlval should appear at i h}\
about 215 seconds after the p -arrival with a slowness of - |
8.0 sec/deg. It 1s p0551ble to actually detect this
phase here although 1t 1s weak,posse851ng a coherency
level of 0 7. Thls weakness may in fact be due to an
a21muthal shift suffered by this ray as 1t travelled
through the upper and mlddle m e reglons.~ In addltlon‘
| there appear to be two strong coherenc1es at about 140

-~

seconds and 148 seconds after P ""

r



Figuré.Q. Extendgd;Covespégram 6f event_64;with‘the_
‘beam showiné‘the enérgy groupings. The predicteaf

arrivals ‘P and PP are indicated. -
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Eventi88 (figure 10) is ghothervTonga:event show-
'.ing similar behavior to the:previous case (event 64) oy
with strong varlatlons commenc1ng atkabout 20 seconds
,from the 1n1t1a1 P arrival. .As is readily dlscerned in ///
y these flgures, the slowness and azimut; deviations seeh//
to be-related, The Covespa'groupings appear to he j'
~ hidden further down the record as a result of strong
~d1rect10nal Varlatlons (approx1mately 6° to 10° ). A '
wnumber of Covespagrams:wére computed for a‘sequence of
a21muths and suoéflmposed AThls compos1 e plot then
.revealed the famlllar energy grouplngs repeating wi< h’
a perlod of 40 to 45 seconds resembllua very closely
event 64.
Figure ll‘shovs an‘event from the'New 1re1and
‘region;‘ Here one sees very well defined coherency :
groupldgs 25 seconds or so 1n duratlon, repeatlng at

-

40 second 1ntervals.’ Both the slowness and a21muth '
_appear to be qulte constant except for the a21muthal"
'excur31on at about AS seconds. |

!' = Event 74 (flgure 12) is from the Hlndu Kush - reglon

(depth = 210 km) and is qulte suggest;ve of’ energy group- ;
11ngs in splte of very strong slowness and a21muth var1a~ ‘
'uitlons. ThlS observatlon taken w1th the broad coherency

' contours of the Covespagram may be 1nd1cat1ve of»exten-f

sive scatterlng ;f the wave tra1n ,Thls behav1or seems'

¥
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- Figure 10.

4Islénd5£ - A

Covespagram of event 88 from the Tonga

= 91°, magnitude = 5.3, and depth =-33 km.
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Figure 11. Covespagram of event 72 from the New -
Ireland region: A = 95°, magnitude =

S

= 5.5, and depth

5
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‘Figure .12, Covespagram of event 74 from the Hindu
Kush region: A = 92°, magnitude = 5.2

210 km.

» and depth =
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to be typical of mearly all events from the Asian
region. |
In addltlon to these examples a number of events
from the Aleutlans, Japan, and South Amerlca were
~ .

analyzed by the Covespa process, and revealed very

tgg;llng energy in the p coda w1th the exceptlon

llttlf

of one'event from Japan (magnltude 6 1) Whlch 1nd1cated

a moderate manlfestatlon of thlS phenomenon comparable

m;wg;event 88 (magnltude 5. 2) 1n the deflnltlon bf the

3’@' A

ency contours. 3 B

4, Interpretation

The flrst modern seismic 1nvestlgat10ns of upper»'

mantle dascontlnultles were done by Gutenberg (1960),
qho notlced that PP, pP', and pPP phases (the prlmed P
denotes a ray that has passed once’ through the 1nter10r
of the earth, 1nc1ud1ng the ‘core, from ‘the source to the
recelver) have more oSr less emergent beglnnlngs whlch
arrlve early and are probably due to reflectlons from
the Moho or other dlSCOﬂtlDUltleS beneath the earth'
surface.m Subsequently, Hoffman, Berg, and Cook (1961)

using 1nformatlon derived from the reflectlon of energy‘

from 1arge quarry blasts claimed to have dlscovered :

ev1dence for dlscontlnultles at 190 520,. and 910 km

Anderson and Toksoz (1963) studled surface waves and
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found that there does in fact exist a low velocity
channel,“as indicated by models. cif 8 anad 9 for the

New Guinea - Pasadena data, bounded on the top’ by a
gradual decrease in- veloc1ty commencing at a depth of
about 50 km and on the bottom‘by a sharper increase in
velocity at about 150 km, the region within being formed
by the eﬁistenCe of a small amount of partiai melt'in |
_the upper mantle materlal (Anderson and Sammls, 1970).

. The 1nvest1gat10n @E %er mantle structure u51ng body
wave phases has also been done by Archambeau, Fllnn, and
Lambert (1969) who employed spectral amplltudes andb
travel times to discover. that abnormally low veloc1t1esb

; exist w1th1n a reglon extendlng from approxrmately the

“‘base of the crust to a depth of about 150 . Experl—

mental observatlons of P'p’ and 1ts precu sors as an
'1nd1cat10n of upper mantle structure were done by Adams
(1968), by Engdahl and Fllnn (1&69), and by Bolt O'Neill,
" and .Qamar f1969)' Adams has discovered world-w1de
reflectlons at a depth of 65 - 70 km and reglonal reflec—
ztlons at depths of 110~ 140 km (Slberla) and 159- 190 km
(Western Europe).. More recent work employlng thlS method
has been done by Whltcomb and,Anderson (1970) and
“‘ﬁhitcomb.(197l 1973) who have found among other dis-
contlnultles, strong reflectlons at 50 km at 130 Km and

at 630 km.



In light of these 1nvestlgatlons on upper mantle

dlscontlnultles it seems natural to assoc1ate the

observed repetltlve eénergy . groupings seen 1n the Covesey
pPagrams as being due to reflectlon, 51ngle-ortmultiple,
from such velOC1ty tran51tlon zones. However, the
energyrpattern‘whﬁch is nearly constant within each ' ﬁ
group must be.lnterpreted on the basis of the SOurcem

function, PP, sP, and any reverberatlons w1th1n the

crust From the time duratlon of such groups 1t may

.be poss1ble to derive some 1nformatlon concernlng the

size of these sources. Assumlng a shallow seismic dls—'

turbance propagatlng at a ve1001ty of 2 or 3 km/sec and,

" that a cohenent group is typically 20- 30 seconds,ln

duratlon, the source length should be less than 40~ 60

© 2

km for magnltudes of 5. l to 6.0. This. estlmate 1s com-

parable w1th observatlons of surface rupture length of,

‘many shallow earthquakes (Bonllla, Flgure 3. 16 1970)

It has been establlshed that for the observed

events each energyogroup is. of 20 to 30 seconds 1n

h'extent and that the perlod of repetltlons is in the

range '35 to 45 seconds Wlth the exceptlon of event 74

'(flgure 12), these events are all 51tuated at shallow :

depths (h< 33 km, where 33C%m 1s often referred to as

normal depth") and 1t is a stralghtforward matter to’

l

.1nvest1gate the theoretlcal time dlfferences by modelllng

-uS1ng the phase pdpP proposed by Dav1es, Kelly, and

[N

»fl\
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N

thilson (1971). Flgure 13 shows the scheme env1saged
where the phase pdpP is a ray which travels from .
the source down to the dlscontlnulty at depth o
d, is reflected upward to the surface (whlch is
a strong reflector), and then is reflected agaln,‘
sntravelllng on to the recelver. The tinme dlfferences
between arrlvals for such rays and d1rect P at a dlstanne
of 89° has been calculated and is summarlzed in tablD i,
Wthh is. for surface focus earthquakes.* The varlatlon

in the tlme dlfferences between surface focus and normal

depth earthquakes was genelall" less than 0. 01 sec. The

= model used for these results 1s the Blrch—W1gglns lower

mantle veloc1ty model coupled w1th the UanEISlty of
Alberta, UA4, upper mantle.proflle..d~ |

| In keeplng w1th<the average observed perlods of
repetltlon for the energy groups the dlscontlnulty at

%150 km seems mOSt preferable. However, 1t must be

. empha81zed that thls is . only an average 51nce a small e
number of events does not permlt reglonallzatlon of the'n

”

- drscontlnulty depths.A It appears, though from the:

varlatlon of the perlods that there 1s°a strong reflec— '

tor of energy in the depth range 130‘km to 170 kmf

.

rres ondlng " the. sharp 1ncrease in velocity at the e
p

\ -

bottom of the low\veloc1ty channel The burst oF energy

~ which was observed beglnnlng at about 140 sec after the

z . l

'1nitLal P arrlval and was V151ble on both the Covespagram o

? .

~r

-



’,Figure?lj. Ray plot showing thé proposed phase pdpP

for d = T50 km at a distance of 89°,
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Table 1. The time differences between-til.ezphase pdpP
and the direct P arrivals for various depths 6f dis-
confinuity, d, are shown for surface focus earthquakes.
*oth of Discontinuity ' " TPime Difference [~
(km) - ' g E (pdpP-P) (sec)
d=720 152
a= 700 . T 149
d = 650 =3 : 14
d = 600 | . 132

114
quyﬂ,k  : 73
a’= 300 1f2" ;é, | §;§ ;‘; 70
a = 150 ) 37 1
d = 106. 27




o

and the summed trace (figure 9), may‘be indicative of

;)650pP,» Sllght variations in d1p between: succe551ve

'-multlple reflectors probably cause the veloc1ty and

i azimuth. varlatlons which begln by belng relatlvely con-d
stant and then assume more pronounced deV1atlons "The
1mmed1ate and strong varlatlons in veIOC1ty and a21muth
of the arrivals from event 74 (flgure 12) 1nd1cate ‘the |
2tructural complex1ty of the A51an reglon 1n genereal
Questlons concernlng the location of <cre reverberatlons;-
whether beneath the source or recelve R cannot yet be‘
satlsfactorlly answered and may prove =:o be a comblnatlon
of the two.v T 1s may only be . resolvel by. the 1nc1u51on

of a large amount of data from earthc :akes of varylng

magnltudes, depths, azlmuths,'and dlstances.j

..S.l'Conclusion‘ , - .
: The Covespa process used here presents a clegr
plcture of the seismic arrlvals 1n a21muth slowness;

and time.. It is partlcularly useful in examlnlng tele- *////**5\

selsmlc events whlch have well dgyeloped | coda for the'/

purpose of extractlng 1nformat 211 concernlng the earth—<;\§«,;e~¥

quake source and upper mantle structure.' ThlS method

o -

_seems appllcable for most earthquakes of, magnltude
greater than 5.1 whereas Ehe P'p" precursor method
‘-requlres ea&thquakes of magn1tude 6.0 or greater.r

Therefore, far better spatlal dlstrlbutlon of events ‘

v



4

in relation to regions of tectonic ‘activity may now -

prove to be'available for the study of.upper:mantle

Structure,

48



CHAPTER III

. SEISMIC ARRAY EVIDENCE FOR A LOWER MANTLE HETLROGENEITY

BENEATH THL ISLAND OF HAWAII

1. 'Introduction

In this chapter the detectlon of the flrst arrlvals”.
of body waves by the selsmlc array (VASA) and the deter—
‘g
mlnatlon of the wave parameter p = dT/dA w1ll be dlscussed

Two of the methods used to calculate the wave slowness

ylnvolve the 1nver51on of the relatlve arrival tlmes of

the body phases at the 1nd1v1dual sensors of the Jarray, -

and the thlrd method 1nvolv1ng the appllcatlon of

_coherency technlques to the P coda. of array data has

essentlally been dlscussed in. the precedlng chapter

The results of the dT/dA measurements W1ll then "7

, be dlscussed in the context of the earth's mantle.

velocity structure in general, and the structgge ‘near

the base of. the mantle underlylng the geolog&pally and

geophy51cally 1nterest1ng Hawallan 1slands (Chapter I%é

1n partlcular. The ablllty of an array posses51ng three

. 1
- or more sensors to. rﬁgependently determlne both the

apparent veloc1tyu(1nverse slowness) and the true.

"va21muth of .an arr1v1ng phase w1ll be used in a detalled

8

study of the behav1or of body Waves pa551ng through thlS

region. o _ .

49
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2. Array Determlned dT/dA Methods and dT/dA Observatlonal

Results
In.l970'the VASA array in'central Alberta recorded
approximately 100 events, eight being-from the TOnga and
Samoa isiands region. Addltlonally the Peace array and

stations FSJ},MCC, and EDM recorded a total of 32 Tonga

earthquakes from 1969 to 1971 having good 31gnal to—noise

_characterlstlcs and magnltudes greater than 5.3, This

comprlsed the raw data set. ‘
dT/dA calculatlons from the vAsa digital data were

carried out using three methods. The first two methods

'both 1nvolved first arrlval pha$e@t1me determl étlonS&

AR 2R O
by a semlautomatlc technlque emplox;ng the cross-correla- R

,ll ."

tlon of approx1mate1y the flrst cycle and a half of.. thevfﬁb

rnitlal P arrlval for all statlon palrs. Slnce a11 ‘*' n‘ﬁ
station pairs produced redundant tlme dlfferences thls
pé;hitted checks to be" made on ‘the data scatter.> For f

- “the cr1t1cal South Pac1f1c events the length of the data - Tf ;
strlnﬁyto be cross-torrelated and its p051t10n along the“
record were var;ed somewhat and the correlatlon procedure
was repeated thus prov1d1ng a check on the’stablllty of |
.'the time determlnatlons.' Tlme determlnatlons were also‘
bmade by hand for all events.' . “, L o v"_‘

"The: flrst method of 1nvert1ng the tlme dlfferenceS'7' o

to veloc1t1es and a21muths was the d1rect three—statlon_'
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inversion. .The arrayAwas first broken dowa inte all
comblnatlons of three statlons and the following
analy51s was performed on each trlangie/

Let the station trlqngle be as shown in’figdie 14;

vThe'velocitY;alohg_leg 1,2 is

C1y = 815/T, (3-1)

- where 8y, is the distance from station 1 to station 2 and

Ty, is the time difference between the wavefront arrivals .

_at the two stations, Similarly for leg‘l,3 one has
€13 = 813/Ty3 o B

Then the apparent velocity of the wavefront will be given

by

C=¢Cpsina. (3-3)

and also g
e P i - . |
C = Cl3151n(A + a) (3-4)

N
% l

where A is the angle formed by leg 1,2 and the wavefront .

o

‘and a is glven by the known trlangle geometry (angle.

-~ 213). Solv1ng (3 3) and (3- 4) for C one: has

tan‘A-= sin A/cos A

= sinea/(cié/Cl3 ~-.cos a) - (3—5»

giving



)

s

Figure 14,4 The three station velocity and azimuth

determination. The array geometry'ié given,by angle -

' o énd distanceS’A and A13. The yavefront enters .

12
the array at statlon l with veloc1ty\C maklng an

angle, A, w1th the side (12) 12 and Cl3’are the

)

.prOJectlons of C along legs (12) and- (13)



G
c!sz v

COS(90-4) = SIN(A)

COS(A+ x-90) = $IN(A) , |

¥  Fiqure 14.
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A = tan_}[sin a/(ClZ/C13 - Ccos q)l (3-6) .

- Hence C may be foundvusinggequation (3-3).
Thus the aZLmuth &nd the apparent ve1001ty may
7 be found for station 1. This is then repeated for all
-such triangles. The 1nd1v1dual veloc1t1es and azrmuths
are weighted accordlng to the relatlve area of the1r
respectlve trlangles. The welghted veloc1t1es are then
-averaged and the welghted a21muths are transformed to a

common p01nt (e. g. the center of the array) and then

averaged.
The second technlque 1nvolves a least square
method for dlrect measurement of dT/dA and is descrlbed

by Husebye (1969). A brief outline of the method will

o

be presentedihere;

T =B,z +B.Z. 4 ... + B 2 | (3-7)

represent.the response»Sdrface of the relative'arrival .

time over an arbitrary array. The {B } are coeff1c1ents
[

~to be de@Ermlned by a least squares flttlng of the sur- -.

Al e _ . A2, ;,' . 2A1 ' o /;

(3~ 8) .

\\) N

;\%
|//
The {z } are the transformed coordlnates of the array -

station lpcatlons,¢»(lat}tude) and ) (longitude) and the



Vguesses clnltlally Al 1 .0, A2"l 0) expandlng about

.?Al,AZ tOAflrst order gives ' : _ 4
o reny AT aT _
Tob—T+"(A‘1:I..0) T + (A2 -1. 0) YVl (3-9)
or s o
, —-. ‘v-. b.:./. .“anl".;-.i.: - . .‘..' | -a_'r.‘ ; ’ i -
Tob—Tf;;_(A.; 1.0) 559100 + (a2-1.0) A
' | | R (3-10)

where T bvare the expected values of the arrival @1mes

Equatlon (3 10) is ‘NOW. treated as a new surface glven by .

T):Blf;l+52_z2’)»..+sjﬁk+. (Al—l.o)zk+l~ + (AZ -1.0)z .,

i (3-11)
" where o CE L
N . - - ¥ ! | T E B
“k+1 T 35 e (3~12)
and s '
L _ 37 o e _ "

The approx1mate values aT/a¢ and 3T/3) are determlned
.by dlfferentlatlng the fitted response surface T glven
‘by (3- 7).' Now, a new surface is formed in the manner»pf

(3—7):

expans;onwof_the f1tted surface T about the first guesses'_
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TE B E P Byzyt Bz 4 Pra1?kant BrioFyy  (3-14)
whereka +1 = Al1-1.0 and Bk 2‘= A2-1.0. ThlS new response
surface 1s fltted in a least squares fashlon to the data
' glv;ng values for Bk 1 and Bk 2 from which are derlved

"the new values for Al ‘and A2,

P

J+Bl =B+ 1.0 , 4 _ (3-15)
a2 =?Bk+2~+ 1.0, ' (3-16)
4 - ‘ -

e

7 . .
whlch are used in place of the first guessés in a new -

1teratlon. The 1teratlons are repeated until elther
certaln preset error crlterla are satlsfled or untll no
-. further 1mprovement occurs. For the VASA array the

- response surface
T ='1.O+-B2¢Al»+‘B3AA2 + B R (3-17)

—

proved satlsfactory requlrlng only a 51ngle 1terat10n

: to reach a stable solutlon. Large arrays posse551ng

Eapertures greater than 3° w1ll requ;re a response suerFe

,} of second order in ¢ and A: fd' j .
el Al A2 AL A2 2a1 | 222
T = ’1,-0_*32“1" + B3)\-‘ + B4¢ | A +‘ B5q>. T+ Bga ¢
(3-18) .

1

An array similar to Husebye's (1969) with;an aperture

of 10° and fifteen randomly placed sehSors.wasytested

EN



@

us1ng (3 ~18) and requlred two 1terat10ns to reach a
stable solutlon._ . |

The apparent slowness is determined by f1nd1ng
the orthogonal comoonents for each. statlon i, aT/a¢

and aT/?A ‘in the north and east d1rect10ns respectlvely

u51ng the best fitting tlme response surfaqe, T. The

resultant slownessdpi is given by

. _ [z .z . B 1oy
Py = U vy . - B
where ui; 3¢- e¢ and ’vi BA- eA ’

~ ) ~ %
e and e"belng un1t vectors polntlng north and east
respectlvely.

The a21muth i's found u51ng “the equatlon

-ltan Yi = vi/ui : o , (3-20) .-

’

) L / . . AP
« . Ll

" In a 51m11ar‘manner d T/dAZ may also be found These "

unantltles need not be calculated -at the statlon .loca-

tlons but, in general can be determlned for any set of

p01nts w1th1n the array}, -
?

Ll Errors are determlned by assumlng that errors’ 1n

the varlous parameters (u ’ v ¢+ Py Yi' ...) are 1nde—

pendent Gau951an varlables hav1ng zero mean and then

‘finding - the flrst order perturbatlons on the parameters

<

'éﬂusebye, 1969). Computatlonally the problem 1s set up

o 1n the form of normal llnear equatlons and solved using -

. ‘-.vj'

ety
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matrix operations=. from equation” (3-7) with k = 4 the
normal equatlons will be

£z T = zzlzl + BZZz‘gz + B3;z zZ, + B,lz;z

1%3 4°%1%4

ZZZT, 5 322 z3 + B4 z

224’
£zT = 3+ B Ea ze e
'22T=Z‘zz + B,Zz,2. + B_.Iz.zZ +Biz »‘
4 471 277472 377473 47474
% .
: ~/, e ‘(3_2-'-)

3

where the zl are defined. by (3-8) and the summatlon runs
"\

over all p01nts of observation. ‘(3—21) can be put into

v

: matrlx form:

¢ =.B2 B (3422)*
S '
‘where C. is the column vector whose elements are the
£
_left 31de of (3 21) and B is the. column vector formed

" by the coeff1c1ents {B } and Z is "the matrlx formed.by
 the summatlon products of the {Z }.” The de51red co-

eff1c1ents {B } can be found by - solv1ng (3—22)
. . . T (]

B =c.aztt L L (3-23) -

yoow

N

The thlrd technlque of veloc1ty-a21muth deter-

mlnatlon 1nvolves the nonllnear array processor employlng

(=]

a coherency measure requlrlng only the array geometry and
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the block start times. _This method was discussed inﬁ{i
Chapter II. “ ”

) dT/dA results for the three methods proved to

be in close’ agreement belng w1th1n 0.01° sec/deg for

',those events for whlch comparlson was made (the South

/
¢

Pac1f1c and A51an events). Also, 1t was obServed that

/

the hand plfked first arr1va1 times ylelded ve1001t1es

and a21mut s that were verywnearly the same as those
obtained u 1ng the cross- correlatic. . technlques although

Aw1th the atter methods the 'data scatter was con51derably

reduced and for thls reason was deemed superlor.

The 1ntr1nslc accuracy of the results is *0.2
,km/sec iff one con51ders errors in determlnlng the first
arrival time of the wavefront at the statlons of the
‘array a d the varlatlons in the azlmuth of the wavefront.

3

’vThe data from the 1nd1v1dual Peace stations were

‘combln'd w1th statlon FSJ %nd averaged after dT/dA com-"
‘putatvon and the same operatlon without averaglng was
applied to data from statiohs-MCC'and EDM.

F1gure 15 shows one partlcular record sulte..,
Flgure 16 dlsplays the results from "VASA in the tele—
Sseismic distance range 20° to lOO°.w1th the SOlld curve
}representlng the apparent slowness as\determlned from
the tables of Jeffreys and Bullew»il958)(%y cublc spllne —
fitting and dlfferentlatlon.« The eplcentral dlstances:
ihave all been>corrected to correspond to eartthakes-

EASIN i . .

. N . EARN N
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/Flgure 15 The vertlcal component of 1nitial‘grouhd

motlon for the Tonga event of July 28 1970 at 04 h

47 m anﬂ 47 7 s UT as’ recorded by,statlons of the

'VAséjarray. The WWVB slgnal and/}hdlcatlng second

] PN
marks are shown w1th each Selsmébram.-‘The magnltude‘

g ! ’”

’was 5. 2 ana the depth was nonnal (33 km) ..
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‘Figure 16. The dT/dA observations of 1n1t1al P waves

- for all events between 20° and '100° as recorded from-
June to August 1970 by.VASA; The dT/dA curve is
iobtalned from the J-B tables for a normal depth source.
Squares 1nd1cate events from the Aleutlans and Japan,‘.
gtrlangles, events from Tonga and Samoa, plus signs,
events from South Amerlca, c1rcles, events from A51a,

crosses, spec1al Solomon reglon events
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occurring at normal'dépth (33 km) . As can be seen by

1nspect10n the majorlty of events are in agreement with
i

the Jeffreys-Bullen (J—B) curve, some of the scatter‘
being 1mmed1ately attributable to the relatlvely low . ...; ;,
magnltude of some events and the fact that for some
events part of the array was 1noperat1ve Johnson (1969)
has prev1ously observed small scale- dT/dA anomalles for

-4

.dlfferent earthquake reglons and such seems to be the

case for some events shown here. There is, however, a

(]
1

strlklng dev1at10n from- the normal in the distance range

.84° to 95° from earthquakes in the Tonga and Samoa

islands region whereas events from the Solomon 1slands'

‘and New Ireland (angular separatlon from Tonga of 20° at

the receiver) and A51a and South Amerlca show normal

dT/dA results, Included in the anomalous results are-

- one event from the Easter 1sland reglon and one event

from . Talwan. ~ The anomalous results have~dT/dA values‘

4that are low. (phase veloc1t1es therefore w1ll be high .

L

as - shown in figure 17a) w1th a generally monotonlc beha- s
v1or with dlstance. Flgureslj b and c show the su%portlng
results as determlned by the Peace- FSJ array and the

MCC EDM statlon palr. Addltlonally through the courtesy -

of Dr. D. Dav1es, -an 1ndependent analy51s was made of

LASA recordlngs for 18 events (1966~ 1969) in the Fl]l and

" New Hebrides reglons._ The phase veloc1t1es from this

study are “shown in. flgure 18 and 1nd1cate varlatlons from’

ot ' o . T
o e
> . . : ) B (A T



"Figure 17; Observatlons of phase veloc1ty for Tonga_f
earthquakes as recorded by (a) VASA (b) the FSJ—
>Peace array, and’ (c) the EDM—MCC station palr ) The‘
phase ve1001ty curves are for a lower mantle . based
‘ on Berh s (1964) model 2 and 1ts modlflcatlon (d).

The solld sectlons of the phase veloc1ty curves are .

_for the geometrlc,rays~ -and” the dashed<port10ns-are

diagramatic for the.wave in the‘high-velocity wave guide.
. . ‘ . N , . -

o
Py
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Figure‘lS., LASA P-wave phase veloc1t1es for the
dlstance range 91°- 100° and the. a21mutha1 ‘range

240°~ 270° (Fl]l and New Hebrides reglons). ° The

'solld phase veloc1ty curve 1s derlved from the J- -B
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23.5 to 25.7 km/se%Jat eplcentfal dlstances of §1° to

100°, seven events being low: w1th respect to the LASA

. 'basellne or J-B derlved cgr@e and 11 hav1ng sllghtly

hlgh phase velocltles ﬁ?ourteen of the LASA events have -

veloc1ty anomarles thaﬁ¢are less than tO.3 km/sec.v'

-~ Further, the azimuthal anomalies for VASA are generally
less'than?3° with‘one'being 5;5°rand those for LASA  are
generally less than +2° with one as large as 7°.

. Curiously, most of the azimuthal anomalles for VASA

.tend to be clockw1se from the geocentrlc a21muths to
thelsources whereas - thése for LASA tend to be in af’
counter clockwise sense.q More will be said abont this

" shortly, ‘;é"’g o |

Upon an&!y51s of the arrival tlmes at 1ndLV1dual
VASA statlons one sees a very broad azimuthal effect
with these statlons dlfferlng by only =-0. 2 +O 7 set* from
vthe J-B tables (corrected for elllpt1c1ty and statlon
elevatlon) whe: all events from epicentral dlstances of
30° to»95° and azlmuths 0° to 360° are con31dered The

'analy51s of quadrants and 1nd1v1dual stations is glven
bln_table 2. Slnce many of the 'events come from Benioff
zones (see Sorrells et al., 1971) the aiimuthal'depen;'

: dence w1li be due, 1n part to.source effects. AS'can
be seen 1nd1v1dual stations dlffer by only 6 1 to'O 3 .

. sec in any 51ngle quadrant For all events 1nto VAsA

the a21muth of arrlval was determlned 1ndependently of

g \f)

4]
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Table 2. leferences between observed travel times at VASA
and the J-B tables for all earthquakes between 30° and 1lo0r°

are shown. )
e : T i

- 1 x Time Standard
Number of L . . .
Observations | -AZimuth | Difference Deviations

Station
| (sec)  {sec)

All stations | - 187 | 1 -0.2 46,7
EDM - 53 0°-360° ,~6 3 £0.7"
|r-p-p 90 -0.2 £0.7

e B IR

At g ge_gge -0.6 0.4

Aiioséat;ons~-. 50 SR -0.7 ~ %0.5
oM [y o |
T-p-p ™ - |  2i T 90°-180° | 0.7 . 205
| RM1-RM2 | f‘.__ 11 "'* R R T 0.4

All stations 3 0.2  t0.6
'EDM 10 1 180°-270° |  -0.3 - | 106 )
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-
phase velocity and in general showed only sllght dev1a—
tlons from the great c1rcle path. From the examlnation
of the smallftlme residuals. between 1nd1v1dua1 stations
»1t can be stated that structural effects near the
recelver cannot explaln the observed anomalous dTr/da
values at dlstances of '85° to 95° from Tonga. Addi- .
tlonally there are other. events from the Pacific and
A31a which dev1ate from the - worldW1de average values
for dT/dA as " represented by the J-B curve (flgure 16).,
Flgure 17 contalns the observatlons fram the three
groups of selsmograph stations 1n-western Canada with
‘the anomalously high phase veloc1t1es belng observed on
all three groups in the dlstance ‘range 84° to 95° |
Flgure 19 ,hows the ep1centers and turnlng polnts»'
(corrected for depth of source whlch varies from 30 to
673 km) for the South Pac1f1c events w1th the receiver
systems also shown along w1th‘some representatlve great
101rcle paths.‘ As is seen these turnlng p01nts 11e . -»p'
w1th1n a region’ 10° in dlameter at the end. of the, |
-Hawaiian ridge. Due to the locatlon of the Peace array
Aw1th respect to the TongaSamoa reglon several normail
revents are 1nd1cated by flgure 17b as correspondlng

closely to the Blrch 2 curve. These events have thelr

eplcenters at the southern edge of the Tonga region andy”-.l

'51nce thelr phase veloc1t1es agree wlth the J-B-values'

PRV
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"Figure 19 Locatlon of earthquakes (plus signs) “and

-

,recordlng s1tes (trlangles) used in this study. A

~few great circle paths have been drawn to show the

pro;ectlon of the selsmlc rays on the surface of the

"earth.‘ The turnlng p01nts of rays haV1ng anomalouslyz'

high phase veloc1t1es are located by crosses. Turnlng

‘p01nts with phase. veloc1t1es concordant with the J B

values are denotedi?y squares. e R

e
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thelr turnlng polnts (squares in. figure 19) appear to
define the western limit of the anomalous reglon. In:
addltlon a 51ngle event haV1ng a normal phase veloc1ty
 from Fiji into the LASA array has been reported by

: Iyer and Healy (fﬁ?Z) and 1t has its turnlng p01nt'
‘plotted in flgure 19. It seems to set a limit on the
eastern edge of the .dﬁomalous reglon.

; 'An expansion of this reglon is shown in flgure 20
.The data used in this dlagram are the Tonga Samoa VASA
ldata and\the Fljl—New Hebrldes LASA data as they 1nclude
both phpse veloc1ty and a21muth information. The
,‘dlagram shows bgth the geocentrlc turnlng p01nts of the
ray (closed 01rcles for!LASA and.open c1rcles for@VASA)
and’ the turnlng p01nts determlned by taklng the observed-
azlmuth of the arr1v1ng wavefront and then extrapolatlng
back along thlS ray to the halfway point’ (1nd1cated by
the arrowheads) °The numbers at the arrowheads refer to
the actual phase veloc1ty anomaly (in km/sec above the
J—B values for a partlcular ray) a35001ated w1th that
,scatterlng p01nt In general when plottlng the actual
.turnlng p01nts those for VASAgtend to move to the north—

s

west and sthose for LASA tend to: mlgrate to the southeast

»

rthus separatlng from one angther. fFurther, it must be

A

remempered that for- these eVents the dlstances to LASA'

average 93¢ whereas for VASA' they average 89‘o and hencef

3
\
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_Figure 20. Contour diagram of anomalous (observed—

_J-B) phase veloc1t1es for earthquakes in the South
Pac1f1c as recorded by LASA and VASA arrays The N :N‘
talls of th= arrows (solid c1rc1es for LASA and open e
circles for VASA) represent the geocentrlc locatlons ' .’
of the tulnrng points on great circle paths betwee:( "if’“
ithe source =nd recelver. The arrowheads represent

the act.al *unplng points based on-the observed.§£wh “
- azimu=-hal devlations. A map of the Hawaiifin Islands

is prOJected to the 1evel of the turning p01nts whlch

3
A

are j.st above the core—mantle 1nterface~“,ﬁ .

a

&

(3 4
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‘ the rays to LASA will generally bottom as much as 100 km

“ l

.below thosevto.VASA Therefore, thinklng three dimen-
ﬁ

sionally the two arrays are sampllng dlfferent reglons

- at the ray turning p01nts.- The contours are drawn for

;-

Jllustratlve purposes to help dlscern the patterns in
phase veloc1ty dlstrlbutlon. one has a central reglon
of hrgh phase veloc1ty (contalnlng p01nts w1th anomalous
velocities as hlgh as 3 7 km/sec) centered Just north—

west of the 1sland of Hawaii whlch becomes -more and more
‘.

’normal as one Juwoves outward from this reglon untll normal

or below normal phase velocities are enc&untered
< . ’

Addltlonal ev1dence of anomalously hlgh phase
” H
veloc1t1es in thlS region is furnlshed by the S—wave

arrlvals. The velocities for the S wave phases were

determlned by the croés correlatlon and manual methods,

and also by the coherency method whlch was discussed 1n 8

< s

&3
Chapter II The veloc1t1es 1nto the VASA array from the

'Tonga 1slands reglon are pIotted in flgure 21 with the

' SOlld curve representlng the J-B derlved phase veloc1t1es

for S‘waves. Behavlor of the s phase velOC1t1es w1th~»

it

' ‘ e
“in, partlcular the locijdon of the hy90center on a ﬂ@

el .
o

T e S . )

e

9

-

+
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.EFigure 21. 'Observations of'S-wave phase veloc1t1es.

The open c1rcles are due to earthquakes in the Tonga

reglon (P-wave’ anomalous) .dnd the crosses are due to
:ﬁ“m

n,'

‘events from A51a and from the Solomon Islands JP-wave .
normal) - The SOlld phase veloc1ty curve is. from the

J-B tables of S arrlvals.

» . - . Sl

I
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descendlng plate of llthosphere in the v101n1ty of the
Tona 1slands (Isacks et al., 1968), (2) effects beneath
the recelver arrays in western Canada, and (3) the -
VI\lnltY of the turnlng p01nt of the rays, 1n thlS ‘case
the lower mantle beneath the 1sland of Hawall.

Although source or receiver effects cannot be 'h{»
completely ellmlnated as contrlbutors to the anomalous'.
phase veloc1t1es there are several observatlons one

can make Wthh cast doubt on: the p0551b111ty that these

effects are very 1mportant The theoretlcal P wave’

N re51dual fleld due to a thlck slab of relatlvely hlgh-

veloc1ty material dlpplng steeply 1nto the mantle has
been analysed by Sorrells et al. é%Q?l). These resrduals__
h

vary too slowly w1th a21muth and e change w1th dlstance

E lS ‘too. low by one or two orders of magnltude to account

&

»they will be merely 0 4 km apart at. lOO km

for the anomaly. To generate the requlred phase veloc1ty
anomaly one could set up’a lateral veloc1ty¢grad1ent 1nr""
_such a downg01ng slab - Slnce rays 1nto VASA at a dls-

- i
‘tance of 90° are separatedﬂby only 5 mlnutes of arc

\gii: the &
;source In order to produce the anomaly ov n. array

150 km on a 51de one woul "qurre that two nearly

‘parallel rays tfavel'in two's a;ate veloc1ty structures

' separated by no more than 0. 4 km .so that the faster

o ray wbuld gain almost 0.5 sec relatlve to thezﬂower one
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[

v

: and decreases in phase ve1001t1es from events in the -

v

(A = 90°) ., Such a rough calculation shows that the‘

Pl

lateral veloc1ty gradlent would have to be greater

A

‘than 1 km/sec per kilometer. i Thls .concept is so -
unlikely both from a Xay and a wave view point that
source effects must be dlsmlssed altogether.

| The observed ph homenon can be m1m1cked by a
dlp of 7° to the southwest (the dlrectlon of Tonga)
. on the M dlscontlnuity ~beneath: all statlons of the
arrays but thlS is at varlance w1th dT/da from the -
other quadrants as dlsplayed in flgures ‘16 and l7
The effect of the d1p should be to force 1ncreases in
phase veloc1t1es from events ln the dlrectlon of d1p
reverse dlrectlon. Slnce many events that appear
}normal veloc1tyw1se are not only from the dlrectlons
nearly oppdslte to the dlp but are from reglons
separated from anomalous events by at most 20° in _Y

‘a21muth at the recelvers, the dlpplng Moho hypothe51s.

" must be,dlscarded Anomalous structures can be placed

anywhere along the ascendlng or descendlng arms.of the
ray but then one requlres rather large . structures in
the mes OSphere wh;ch would lend themselves to prev1ous
detection. Varlatlons in dT/dA are most easily:> generated

at the&&ay turnlng p01nt and therefore the anomalous

velocities will be 1nterpreted on the ba51s that they

‘arise from thls reglon in the lower mantle SRR
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3. 'Interpretation
If, now one assumes that the reglon about the
turnlng p01nt of the ray is the most llkely locatlon
of the, dT/dA anomalles observed by both arrays there
are two basic explanatlons as to how the anomalles are.
generated ‘The flrst and least plau51ble, 1s that
topography on the core—mantle boundary consplres to
modlfy the ray path the second explanatlon 1nvolves .
lateral and- vertlcal 1nhomogene1t1es at the base d{nthe
mantle |
The pb551b111ty of undulatlons on the surface of v
ahe core ‘was 1nvestlgated by Vogel (1960) who studled
‘hundreds of PcP determlnatlons and found travel tlme\

. +
R

%j anomalles that could be 1nterpreted as arlslng f rom

Ta
A
kS

-
-

topographlc varlatlons of about '+100 km on the surface
.,of the core.: However, such varlatlons are hlghly suscep-
Eible to uncertalntles 1n ,source depth and locatlon and
f@ﬁ?' also to 1nhomogene1t1es in the crust and upper mantle.

>

There have been several attempts at explalnlng that the
'observed grav1tat;onal fleld of the earth is due in part
~to such undulat;ons of the core—mantle 1nterface Hlde

and Horai (1968) have produced hypothetlcal contour maps

based on a spherlcal harmonlc analy31s Qf the“grav1ty

fleld for’ degree n=<4,n=< 6, and n §8 being generated

| by bumps of_amplitudes *4, *15, and £66 km respectively;

-
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assumlngha den51ty 1ncrease of 5 57 to.9 74 g/cm3v

~across the boundary.
. ¢

~r ' However, it is now‘know that the radlus of the
core has been determlned to wigban about 10 km. |
Jeffreys (1939), Taggart and Engdahl (1968), Johnson
(1969), and Buchblnder (1971),obta1ned core .radii of
347§t4 km '34771km, 3481+2 km, and 3479+2 km reSpec—
.trvely by u51ng PcP phase observatlons. Jeffreys
‘value has been -used in thlS study. On the basxs of ScS

observatlons Hales and Roberts (k970) have determlned

the radius- ‘to be 3486+5 km. A.very sen51t1ve method~

%u of measurlng not only the rhylus of the core but also'

5ﬁeterman1ng the ex1stence fﬂany large scale varlatlons

.\\

‘1n the shape of the boundary 1s afforded by multiple
"fﬁ

Arefleét;ons such as P3kP PSkP P7kP and so on, where

the numeratl ref%zsw@?

the numbe r of 1nternal reflectlonS‘
suffered by -the compre551onal wave 1n81de the core.»'v

From 20 observatlons of the P7kP phase Buchblnder (1972)

>

o has found a model that agrees to w1th1n 1 sec of the

!~

data. Therefore, it - is apparent that»observatlons of

’data associated withfthe co‘e—tend to: rule out ‘the
: - s

ex1stence of bumps of more than a few kllome“

rs in
amplltude.ln thlé’boundary In drder to produée the
observed phase veloc1ty anomaly ray trac1ng sh¢hs that
. one would require a. depres51on”1n the core of nearly

125 km w1th an 1ncreased mantle veloc1ty graulent



! .

Howeyer, this would clearly lead to a negatlve grav1ty
anomaly which is Just the opp051te of the observed ¢
field and . thus ellmlnates thlS model

Davies and Sheppard (1972) have done an. extensive .
study of aT/dA at many dlstances and azimuths. Thelr
study, u51ng the large aperture seismic array in Montana,
indicates a rapld change in dT/dA rn the v1c'n1ty of the
core-mantle boundary near Hawaii, the Galap‘gos 1slands,
and Iceland., Julian and Sengupta (l973) using travel
time evidence have also found anomalous st ugture <
beneath Hawa11 in this depth range. Some £ thelr .,
rays seem to sample high veloc1t1es and s me sample low
ve1001t1es although an exp11c1t spaty/l dlstrlbutlon with

—

respect to the 1slands has not been glven, Thelr sampllng

also 1nd1cates that thls anomalous structure extends
',\5'
vertlcally several hundred kllometers. T

d The results of . this work lead to the 1nterpreta-

. tion that there ex1sts a lateral and vertlcal hetero- o

. genelty near the core—mantle boundary the surface projec-
tlon of which Ties. northeast of the 1sland of Hawall and
is: approx1mately 5° in d1ameter.¥ The hlgh veloc1ty core
of this heterogenelty seems . to be surrounded by a. normal
to low veloc1ty aureole whlch may constltute the plume
materlal as it is heated by -the central p0551bly rlgld

3

structgre cau51ng it to flow upward :@he 1nterpretatlon

x

e e YR

-t
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“&Ssigne ’ to velocities may be justified as a first
{approx1matlon 'since the actual a21muthal dev1at10ns,,'
suffered by the ray. from the great 01rc1e path are

small (<5°). The veloc1ty model used as a standard -
for this study was Wiggins"(l968) self -consistent
;veloc1ty and den51ty dlstrlbutlon which was based on
model 2 of Berh (1964).‘ A contlnuous velocity functlon
w1th&n the earth's mantle was generated by flttlng the
dls7rete values with a cubic spllne 1nterpolat10n for—‘
vmula. The smoothlng Spllne routlne (ICSSMU) of the

Internatlonal Mathematlcal and Statlstlcal lerarles

’based on the work of Relnsch (1967 1971) was used in

order to avoid numerlcal 1nstab111t1es.} The geometrical

R

}ganlntegrals (Bullen, 1963) were calculated u51ng a

i‘computer program based on - the work of Chapman (1971)

,Upon_examlnatron of the three Tonga Samoa data sets

_(figures‘l7a; b, c) it is ‘clear that the experlmental

phase velocities start to deV1ate from Blrch's model 2

near 84° and contlnue 1n thls manner smoothly to 9l°

'beyond wh1ch there is a marked 1ncreafe 1n the observed

vveloc1t1es and also in the1r scatter.‘ Blrch s model 2

has’ been perturbed to 1nclude a hlgher veloc1ty gradlent

between depths of 2371 km ‘and 2861 km (flgure l7d) so

*

: that a fit, to the data in . the range - '84° to 91° was made.

l‘,'

“The 21g1erfohase veloc1t1es for dlstances beyond 91°

- \I .
0%, . ;
s -
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requlred "ﬂp anrease ln mantle veloclty to at least

14 7 km/sec between 286; km and 2898 km. A smooth

. 1ncrease 1n veloc1ty to 14 7 km/sec at\the core-mantle'

boundary is unacceptable 31nce the shadow would occur .

: 5
.wat too small an angle and the“decay rate of the signal

' 7"

9.

would be 1ncreased (Phlnney and.Alexander, 1969
Chapman and Phlnpey, 1970) ??he observatlons beyond -.
about 89° would not be of a dlrect P wave . but of a

trapped 1nterface, or 'head' wave type. EvidenCe of

> -3 \\ &

thlS 1s v151ble 1n flgure 22 whlch compares an anemalous
event W1th a. normal event both from the South Pa01fﬁc P
areh (Tonga and Solomon 1slands) . The anomalous event
exhlblts a dlstlnct low frequency precursor %hlch is

very much llke the head wave precursors generated by

" Waddington- (1973) who has used the Cagnlard—de Hoop

N

-method to produce synthetrc selsmograms for thls distance

range. Of all hls e10c1ty—depth odels one, d&mllar to '
g v @ _

~>reflect10n (dashed 11 es) from the hlgh Veloc1ty boundary :

~that sthn in flgureqjd glves,rlse to selsméérams that .

are very.much allke in appearance to the observed waye—
forms. The very high pgase veloc1t1es shown in flgures

l7b and c for dlstan es less thin 88°'may be due to

: . . - . N
1ayer. ‘ o ‘x- . o ooy &
( . “ Y

‘Both the a21muth-ve1001ty anomaly d%strlbutlon e

of flgure 20 ahd the scatter of the phase veloc1ty
e
dlagrams of flgure 17 1nd1e9te that the actual structure

7

-y

Pid
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"Figure 22. The wave forms of two events, one from the

¢

Solomon Islands having a normal phc veloc1ty and one

t

‘from the Tonga Islands hav1ng ‘a hlgh phase veP001ty.

_The events are each shown for three statlons of VASA

. ) ~

e
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-rébelver system to adequately determlne the ‘upper llmlt

‘with the anomaly sketched in at ltS proposed location

i .
Ki

of the anomalous reg@on is quite compllcated and may
2 . :

contaln further layerlng in a vertlcal sense along .

W1th lateral veloc1ty varlatlons as evidenced by the

A

‘tran51t10n from hlgh velocatles to low Véloc1t1es as

the structure is traversed The. anomaly is almost

: certalnly no more than 300 km w1de and extends upward

about 300 to 400 km (from the phase velocity dlagrams

Vd

'and the max1mum depth of penetratlon of these rays), :

'(

although it is very dlfflcult to flnd an earthquake—

oo - , . o

" on the vertlcal dlmen51on.

o~ 'Flgure 23 shows a cross sectlon of the earth i

- Lo
at the. base of the mantle: The resultant plume is : '

also shown rlslng through the mantle to the surface

where the volcanlc islands are generated on the moving

" 2

Pac1f1c plate ; In thls dlagram are shown a number'of

se1sm1c rays emanatlng from what would be a source in

the Tonga reglon. v o if ‘

-



Figure 23. Sketch of the anomaly at the base of the
‘mantle beneath ‘the Hawallan linear volcanlc chaln

showing the locatlon w1th respect to the ray;ﬁpa551ng

”through this. region.

fox Cowt
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I'ntroduction
g o N . S ‘ . - ““I.:, R
Upon examlnlng the earth's 1sland systems 1t N . ~
. § 4 ."_3 .
‘becomes apparent that the Hawaiian Islands taken w1th

/\
‘the Emperor Seamounts are representatlve of severai

V]
llnear volcanlc chalns throughout the worlad. For s

w 'u,v . 4 1

example one notes the presence of the Austral—Marshall
and Tuamoto—L1ne<%ha1ns in the‘Pac1f1c, the RlO Grande .
tfand Walv1s r1dges emanatlng from Tristan da Cunha and

.Gough Island in the South JAtlantic, and various volcanic

.
I

'provinces~in Africasand Europe.. In the 11 ht of recent
\ Aa : g

R

mantle hot spot and plume hypotheses 1t 1s rather

de51rable to examlne the lower mantle beneath these.

Jl(

regions 1n order to determlne ﬁhefnature and loqatlon

occurrence,

gddé plate tectonic
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2. surface Description of the Hawaiian Liﬁearﬂvolcanic
' ' o i 3
Chain

1 : . - . ' . N
Dana (1890) who conducted a rather extensive and

detalled sugbey of the Hawaiian Islands dur"n 1the mlddle
of the 19th Century recognlzed the essentjal volcanlc

vnature of the Hawallan system and descrlb‘d 1n some detail
the processes of volcanlsm in thlS area.

(

, also that the chain is bounded on’ both 51des, at least_ln

He recognlzed

the v1c1n1ty of Oahu and Molokal,'by a more or less con—

tlnuous trough and that .this was probably due to post

v

2
. e : P
. .
.
1]

Jackson et al (1972) glve a very 1uc1d and

volcanlc sub31dence.

extended descrlptlon of the Hawallan‘Archlpelago. Theys
- L e

vlew the llnear chain as being a more or less continuous

"fsequence of shleld volcanoes stretchlng across the

/ %
Cretaceous sea floor froq/the 1sland of Hawaii to Mldway'-

Atoll and then bendlng toward the northeast in a, 1%?5}

‘“Q formlng the ‘Em ror Seamount chaln terminating in the

&I

Aleutian treﬁch : Jackson et al. describe the 3500 km

belng composed of Shleld volcanoes r151ng as

S -\g S

. much ag 9 km above the sea floor and 5 km above sea Jlevel

w’ \ -

ohav1ng dkameters as great as 120 “km, all capplng the
( ) S

7 Hawaxlan Rldge, ‘a well deflned topographlc h1gh on the

R
¢¢ocean floor bordered on both 51des by a moat up to 700 m

(9

’.}
deep. Thexlnd1v1dual shlelds are separated from one .
. \‘., \ . . / L

'\ another by ah average dlstance of 75 km and began with -

' . Sl . e
Co B N : W

»J-._’ RN YA ) - .

. : 5

R
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”\the‘copi%ﬁs erup: i~- . thetiite (the gentle,'free—
flow1ng nhature- CTv. won hac led - olcanologists to
characterlze " 3vsh evuptic as kt=2ing of the

cew

a

'Hawallan tvpe", & ' was fc _owed b a capping of a

much smaller amount or Allaji  lave, They p01nt\out

: ‘ ¥
that projectec line- - wa- :ic ‘nalles gross the

y

———————Hawaiian chain at -ngles varyi'., frgm 30° to 60° and -

: cfoss the Emperor chain alL 80° to 100° showing no change
S

l//

,1n ‘trend from one side of the chains to the other. The

-

J

avallable evidence, }they note, 1nd1cates that the orlen-

tatlon of the chains" has not been influenced by the

{
-

structure of Cretaceous,floor. .

’ . . . . R -

’

. 4 :
3. 'GeochrOnology‘of the HaWaiian—Emperor.Chain

Al

o . )
The flrst systematlc 1nvest1gatlon of the agesf

el

94

of the Hawaiian Islands was done by Dana (1890) who found

evgdence of a geomorphologlcal nature that the chain
i

a

became younger from northwest to southeast by observ1ng

\

the progre551ve state of rulnatlon of the volcanoes in

_ the reverse direction.

Y

Thls trend has been quantltatlvely Substartlcted

by McDougall. (1964) who has examined samples by K-Ar

datlng from Kauat to Hawaii and found in general that

east (Table 3). S ' S

mean ages for lava dep031ts decrease toward the south-



Tabfh.B. Ages of the Hawaiian Islands as a function.jg

distance from the active volcano Kiluea on ‘Hawaii.

3

. v
. Range of Ages Distance to
I;land ' (my) . Kiluea (km)
, ; ¢
< o
Kauai 5.6 - 3.8 545
West Oahu 3.4 - 2.7 395
East Oahu 2.5 - 2.2 355
, < ,
"West Molokai 1.8 290
East Molokai,‘ 1.5 - 1.3 ‘260
West Maui 1.3 - 1.15 220
East Maui 0.8 _ : 180
Hawaii - Kohala '0.68 95
| e +0..4 '
- = Kiluea. 2 0_0.0 0
~
.\

- 95



The trend of increasing age as one moves from
Hawaf& to Kaua1 and Midway is supported by Funkhouser
et al. (1968) ~who has also employed K-Ar dating to
' determ1ne an age of 7.5 my for(Nlhoa»Island and ll 3 my
for Necker Island. Paleontologlcal 1nvest1gatlons by

examlnatlon of drill cores on Midwdy Atoll- has established

that the island was formed in pre-lower Mlocene -times o

N hav1ng an age greater than 25 my (Ladd et al., 1967).

Recent m1crof0551l ev1dence taken from the most ‘northerly
feature}bf the Emperor Seamount chain, Meiji Seamount

1nd1cates am age of about 70 my (Scholl et al., l971r

Berggren, 1§72). Clague and Dalrymple (1973) have. -

examlned materlal dredged 'f rom the top of Koko Seamount

<"

lylng 300 km north of~the Hawallan-Emperor bend, the

mean age belng determlned to be about. 464 my. They -

furthif desqube thlS seamount .hav1ng the ‘typical

Vd

smooth form of the Hawallan yolcanoes probgbly belng " \
O ‘ !

formed by the coalesc1ng of)several shields.

L

Thus while: extremely sparse aslset the ex1st1ng
“age data from the seamount chain tend to support the
trend establlshed by the much more exten51vely sampled
‘Hawaiian chain. ' -

‘ ’

'4." Subsurface Data oOf Hawall ' - ;;J .f..
. - . .

Gravxty data has been examlneélﬁy Gaposchkln and

Lambeck (1971) who have used satelllte data to produce
. . ! . . A

o
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£

a graph'of the global free-air graVity anomalies withv'

~areas having thlS type. of Broad p051t1ve free-alr or e

resoect to the best‘Elttlng ellipsoid. The grav1ty

LA}

field to the 51xteenth degree shdﬁs the Hawallan /egion

within a broad p051t1ve,anomaly. Kaula (1972) has .also
noted that the broad p051t1ve grav1ty omaly around
Hawaii is the onﬁé one of its type not- assoc1ated with .

. ’r ‘J
a spreadlng ﬁéﬁ?é?i\'ue further Lndlcates that there ar@

‘1sostat1c anomaly which seem to be conneéted with rise

formatlons. Yellowstone, Galapggos,Easter, Eltanln,
Bal}eny( Prlncéfgkwarg,.gguvet, Icelihd, Azores,%Af_r,’é,
Kamghatka, among others. ' [ o - | "" ”

| Pekerlsh(l935) con51ders two oppos1ng contrlbu—

A/ o

«tlons to grav1ty anomalles due”to the rlslng part of a’

convection cell .. There 1s a p051t1ve contrlbutlfi\to
' &Eav1ty due mainly to %ﬁe rlse of the- upper surface of
the crust and there is a negatlve contrlbutlon to gravft?
. an. account of the’ lower den51ty of" the matter’ belng
pushed up caused by the elevated temperature of the | A

rising stream.‘-He points out, howaver, that the p051t1ve «

)

contrlbutlon 1s the larger. McKenz_e (1967) states that/‘

'the long—wavelength harmonlcs of the grav1ty fleyd as

-determlned by satellites are not related to shallow

E crustal,6—\l>thosphere effects but are probably related

to flow patterns W1th1n the deeper mantle, and Runcorn

’

»

<

2

>
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(1965) argues ‘that* departures {rom hydrostatlc @qulllbrlum'
.

o .
as ev1denced by satelllte observatlons of "the geopotent1al<

. [
are due to flow w1th1n the mantle. . - ?" n
; / .'\r . ) ? / :
Doell and Cox (1%32) have used the 1dea that the i

I

"nondlpole magnetlc fleld generated W1th1n the earth S «-

"IL 1

core may be used to 1nvest1gate lateral and vertlcal ”?
. "\
»1nhomogene1t1es at the core—mantle boundary. f%ese
P BN U S

_attenuatlon of - Qhe geomagnetlc spectrum in the §Erlod

‘fleld in the central Pac1f1c con51stent w1th ‘a pronounced

ledge of the manner of magnetlc fleld generatlon in the.
S

varlatlons 1n the @ower mantle w1ll generate differences

-

in the secular changes of the fleld and the strength of

\

\
the«nondlpole flE%d at porpbs of gbservatlon*on the

earth,s\surface. Doell and Cox‘%01nt out that 1t is- not

‘_M E

~

attenuation in- the lower mantle that g1ves rlse to these

’

variations 1n the longer perlod'geomagnetlc spectrum but

rather, lateral changes 1n the source functlon.-;Thef'

v

nature of the source functlon\can be controlled then‘

“by propertles of the lower mantle by 1nterface coupllng

[

w1th the core through the core—mantle boundary. From

paleomagnetlc and gébmagnetlc observatory data they have'

found a subdued secular varlatlon and a subdued nondlpole ¢

oo

range 200 to 2000 years. ThlS 1mp11es\Coupf1ng eilsts."'

k

'between a lateral heterogenelty 1n/the lower mantle and

the core resultlng in partlal extlnctlon of the ng&—
¥ ‘
dlpole fluctuations in this perlod range. ‘Limited know—

SR T
v’.'(‘. ,y” . - ' é) . ‘_ . . Q .

ey o i

s
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’ ¢

‘he data to find a suitable

core prevents inversion

model "and also prevents more de aile. ana_-ysis of other

more complex regions. ,

. :
In a series of papers (Alexander and Phlnney,

1966; Phlnney and Alexander, 1966, 1969) Phinney and\\

Alexander pursued a study of the core-mantle boundary
o : .

<reglonbby the examination of the spectra of long period

diffracted P waves (since these are\the first to arrlve

4
/ v

ih the shadow region). The source radlatlon effects were
¢

removed by taklng the ratio of the spectra obtalned from

&y
the vertlcal ground motlon at two statlons at least 20

L

\
apart and on the same azimuth to the source. The results

© for waves dlffracted at the core—mantle boundary beneath
Hawa11 showed a broad and pronounced absOrptlon peak in
the frequency range 0 03 thfguﬂy04 Hz w1th smaller
pedks belng obserVed at Stlll lower frequenc1es. Phinney,
and ;erander con51déred the” klnematlcs of the deep) |
‘shadow dlffracted wave whlch travels on the boundary as
- an 1nterface wave offerlng sen51t1v1ty to lower mantle

.:structure. They attempted to 1nterpret radlal and lateral

Y varlatrpns observed in terms ofy 1ayered lower mantle

'"’_models 30 to 160 Jkm thlck having weak absorptlon peaks

in the decay spectrum and noted that for paths where the

decay 1s pronounded this corresponds to a p051t1ve

* velocity gradient of 0.2 km/sec per 190 km.‘ At short -
periods,they'sugbested that'thisigradient'may'bepeVen[fh
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greater. For rays diffracted under the Atlantic Ocean
' )

!

off Afric they found ‘no. such decay pattern.. Although
. Phlnney and Alexander did not produce a partlcular

model to fit thelr Hawaiian observatlons they dl@

ploheer the study of lateral and vertlcal heterogenel-'

tles near the core-mantle boundary. Mltchell and
i‘Helmberger (197Wi/ sing the amplitude ratio of‘long

. period SH and corg reflected SH, ScSH/SH (taklng the

ratio to m’ . 1ize sdurce and sub- recelver effects), have
P

Compa 4 on of the observed wlth the synthet c §els—'
\ ‘4+ﬁ$$gram computed by the Cagnlard—de Hoop me hodﬁ\ﬁéréates
that nelther the Jef eys-Bullen nor a negatlve veloc1ty
gradlent at the base of the mantle satlsfles the obser-.
'vatlonsi VRather, a positive veloc1ty increase of'between
0.3 and 0.7 km/sec over a ‘depth range of 40 km to 100 km
is deemed necessary. Further restrlctlons oh this model
are’ determlned by con51der1ng the dlfferentlal tlmes,
- ScS- S for both radlal and transverse compopehts, the
dlatter belng smaller by an amount explalnable by»g hlgh
veloc1ty reglon at the base of the mantle 120 to TO km
~in thlckness hav1ng a veloc1ty 1ncrease of between O 3 :
‘and C 5 km/sec. It should ‘be empha51zed that the long.
Perlwds of the shear waves tended to mask lateral
, heterogeneltles (whlc&.was de51red by the authors)

ThlS study, nevertheless, does 1nd1cate the ex1stence of

N p051t1ve veloc1ty gradlents in this depth range.
N - ‘!,_a,‘,y‘

N

s
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5. Origins of the Hawaiian Linear Volcanic Chain
Several oaAl lons of the gene51s of the Hawallan
llnear volcanlc n1ain have been put forward Wllson

-

(1963) . proposed that a source of l?va rlslng from a
S ‘relatively stagnant center of a plate drlving convection
cell in the mantle would puncture the llthosphere de?o-'f
E. - sltlng volcano produ01ng materlal in the crust 35 the
, plate was pushed along thus formlng ‘a line of succes51vely
&ounger volcanoes in a dlrectlon opp051te to the/sense of
_‘;plate motion,
| Dana (1890) using the'old.supposition that:volr'
canoesdarise overvthe,intersection of two‘faults states
that the Hawailan Islands were Zormed by two.parallel
northwest—trendlng "fundamental rifts" a ong the course
“of the 1sland chain w1th 1nd1v1dual volca pes belng
———’j-' 'generated where these rlfts were crossed by northeast-
| .’ trendirg fractures. ThlS view was supported by MacDonald
and Abbott (1970) whose explanatlon ‘differs llttle from
Dana s, the orientation of the supposed rift belng ;
'ﬁ‘_moderately dlsrupted‘by sllppage alohg the 1ntersect1ng
nMolokal fault. McDougall (1971) and Green. (L971) modlfy
_thls.explanatlon to a progre551ve 1ntru51on oftmagma
along llnes of structural weakness. ‘ o u

Morgan (1972) g1ves an explanatlon similar . to

that of Wilson (1963) except that his source or "hot spot"'

T T R o S
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1s placed in the lower mantle where 1t generateé a
plume of materlal rlslng to the earth's surface.
- Jackson et<al. (1972) have rev1ewed ev1dence that -

tremor swarms assoc1ated w1th magmatlc movements and

roc A

eruptlons are hlghly locallzed belng conflned to a
cylindrical reglon 25 km in dlameter and 25 to 60 km
beneath the volcano whlch is compatible with the shield d
characterlstlcs of these volcanoes ” Hence these
extremely locallzed sources: tend to rule out the rather ‘
f//proad upwelllng of materlal 1nherent in the r1ft hypo—
theses. Ryall and Bennett (1968) have examlned the |
’crustal‘structure of Hawa11 in great detall flndlng it
”complex with the presence of transcrustal fracture zones
related'to upllft andwvolcanlsm. They flnd however,
'no evidence for large- scale transcrustal faultlng as
a controlllng factor for volcanlsm along the Hawallanv
_R1dge ‘ (Ryall and Bennett 1968, p. 4561) Hill- (1969)
has done a large amount of selsmlc refractlon work
‘1nvolv1ng the crust and upper mantle undetlylng the
1sland of Hawa11 and has noted that'thelupper mantle:
P w;ve veloc1ty probably decreases beneath Kllauea.‘

. Schllllng (1973) has 1nd1cated that these plume reglohs

"such as Iceland and‘Afar show‘§1m11ar low veloc1t1es and

-

‘that thls is to be expected for den51ty—def1c1ent mater1a1
N L S
upwelllng from deeper in the mantle. s :
, ‘
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5Worldwide Nature of Hot Spots and Controversies

Slnce wllson (1963) proposed that the gene51s of

‘the varlous volcanlc chalns is due to the motlon of
{11thospher1c plates over hot spots fixed w1th1n the
imantle w1th respect to each other, Morgan (1972) has
ﬁqprov1ded a llSt of 20 probable hot spot locatlons
'~(flgure 24) each belng assoc1ated w1th a mantle convec—

”"tlon plume. He has noted the worldw1de correlatlon’ofi
C)Hawall type p051t1ve grav1ty anomalles with the postu—

.‘lated hot spot locatlons and states that they are.

symptomatlc of rising currents in the mantle. the less

" dense materlal of the ascendlng plume produces a broad

‘negatlve anOmaly which is offset since the surface of

the crust is deformed upward cau51ng excess mass to be

. -

"closer to a satelllte pa551ng overhead maklng the net

anomaly p031t1ve
A test of the hypothe51zed fixed nature of tne

plumes is whether the dlrectlons of the volcanlc traces

L

103

colnc1de w1th the dlrectlon of 1nstantaneous motlon of

the plate and whether the age determlnatlons support

the accepted plate speeds over the past several mllllon
years. Such anﬂlnvestlgatlon has been'carried out'by'

Minster, Jordan,’Molnar; and Harnes (to be publlshed)

~who have numerlcally modelled the 1nstantaneous plate

tectonlcs. Thelr observat'ons of the Pac1f1c, North




A ST /
i\ Figu;§_24f Worldwfde‘pIuME 10ca¥ion§ (Morgah, 1972).
‘The abbreviatiéns‘are‘as followsy | |
) 1. A - afar B
_ _ ' 5 o
2. Am - Amsterdam
3. Asc - Ascension
4. Az - Azores
5. Bal —.Ballény
..© " 6. Bou - BQUvet," -
7. ¢ - Canary Isﬁ%ﬁds -
; ’ - /

8. C - Comoresbléland§
9. H b‘—;Hawaii |
10. Ice - iceland
ll.i R ‘— Moﬁnt Kenya__.
12, Mch - ucboﬁaid
‘. '13;. PE - P;ince_Eanrd

l4. Re - Reunion

K

15.v st. H - st. Helena :
_16; Tr - Tristan de .Cunha - Gough ' "_ i-_ I
The names in bold face print‘identify the’Various'tectonic
plates. - o - o
_ . ‘ ‘ _ v
. | _/ql://. o )
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American, South American,'African, Eurasian, Anﬁarctic,
' :

Nazca, : ' Cocos plates 1nd1cate that the fixed’ plume

assumption is 1ndeed 1n accord with the vast perpon—»lJ

derance of data avallable. In the case of the sw1ftky

mov1ng Pac1flc plate, for example, their model predlcts

a present rate of motion over the Hawallan plume of 8.9
cm/yr at an a21muth of N 66°W compared w1th their quoted
observed azimuth of N 64°w and rates of 10.9 cm/yr ’
(Morgan, 1972), 10 cm/yr (McDougall 1964), 9 cm/yr h
(Malahoff and. WOollard 1970) as determined by radio-
" metric datlng. |

Duncan et al. (1972) have found that assumlng the-

Eurasian plumes are flxed one flnds a large dlscrepancy
between the plume polar wander curve and the ac¢tual palea
Npole p051t10ns. They state that this m;y 1mply elther
shlftlng of the entlretllthosphere or a movement of the
',plumes.p McElhlnny (1973) has shown;that the sum of the
" vectors (on an equatorlal plane) of plate motlons rela—
tive to‘the earth s rotatlon 1nd1cates that the litho-
sphere has not moved as a whole in Tertlary times. The -
results ‘of Grommé and Vlne (1972) who have studled paleo-.

latltude measurements show the same ﬂ%tltude for Mldway

Atoll as for present day Hawaii Wlthln experlmental

' error Thus,llf no true polar wandering has occurred

then this plume, and probably the others ;S must ‘be flxed

Y ~
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The.paradox is resolved;ﬁhowever, since Burke'’
et al. (1973) have shown that Duncan's_interpretation

of the'Eurasian traces upon which his results-are based

<

is in‘error:. they descrlbe two plume traces near

Iceland—Myvath to Faeroes and Heckla to Rockall Bank,
whereas Duncan has 1ncorporated these into a single

somewhat meandering trace leading to Scotland; also

Burke et al. regard the'Central European volcanic

,prov1nce as berng composed of two traces both north-

south trendlng in dlsagreement w1th Duncan s earlier
assumptlon of one trace running east—west

Morgan (1972) has given calculations of the ver-

tical and transverse stresses exerted on a plate due .

o

to a rising plume. The grav1ty anomaly created by a
plume‘with,a diameter of 150 km'is of the order of 20
mgal falling to zero at a dlstance of 1000 km along

the surface whlch is 1n accord w1th actual observations

(Kaula, 1973)., The shear stress produced on the under-~

-

' side of the plate .by such a{plume (rising at a rate of

2‘m/yr)'would be sufficient to drive the plate along at

about 5 cm/yr.j By sultable ch01q\ of v1sc051ty and

plume flow rate the total force exerted on the plate can

~ be greater than the re51st1ve drag on the plate bottom

<~

and -along the edges. The key est%mate 1s'the volume of

flow of the plume. 3onceivably;oplumes'situated -

at rlse formatlons may then represent the- dr1v1ng mech—

"anlsm of the earth's plate tectonic system.,]

[ T
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7. Conclusion

From the  evidence presented in Chapters III and
Iv it is concluded that the lower mantle does exhibit
lateral and vertical 1nhomogene1t1es An anomalous
region posse551ng a high velocity central zZone with
‘a normal to low velocity aureole appears to be present

Just above the core-mantle boundary underneath the island

‘of Hawall (flgure 20, Chapter III) The surface projec-

tion of this reglon, in fact, is located in an area wherep
Jackson et al;(1972) have placed the position of the-
present Hawallan plume from geologlcal con51derat10ns.
The t1me of formatlon of this heterogenelty must have
been early 1n the hlstory of the earth's development -
when the core was being differentiated

| To the present tlme there has been little-satis-
factory ev1dence supportlng any of the competlng hypo—,‘

theses for the origin of the Hawallan 11near volcanic

: chaln as outllned ‘in thls chapter Nelther a fundamen—»

tal rift nor a prlmary source for the lavas has been

establlshed The asthenosphere is an unllkely source

in 11ght of plate tectonics and W1lson s (1963) hypothe51s o

!%d from se15m1c1ty studles on the depth of earthquakes
and selsmlc observatlons of mantle structure there is:
no 1nd1cat10n of a source in the’mesosphere. Hence it

is’ indeed possible thatja,plume; whose surfacing point
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S |
”lrﬂs ]USt northeast of the island bf Hawall, doeS<;XlSL
and that its source lles 1n the anomalous hlgh velocity:
vreglon at the base of tbe mantle._ This plcture, although
not{unequlvocally proven as far as a dlrect connection
between the reghon at ' the base of the mantle and the
'surface is concerned is not at varlance w1th the dT/dA
-observations. It should be noted that Shaw and Jackson
(1973) prefer an alternate theory for Hawaiian type
meltlnq spots.‘ They soeculateﬂthat shear meltlnq caused
,by plate motlon 1eads to the formatlon of .a dense re51duum

“

which descends to the core—mantle boundary formlnq a dense

-~

hlGh ve1001ty reaion.
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‘ARRAY WITH DISTINCT SIDE LGBES APPE]RING EVEN FOR LARGE

-(COVEQPA) COES NOT SUFFER FROH THIS DRAHBACK AS IT INVOLVES

121
)

************‘***#******##*f######t*#*###*#tt#t.#t.“ttt#ttt

‘ , ’ ;
THIS PROGRAM IS A GENERAL VELOCITY - AZIMUTH SPECTRAL

'ANALYSIS PROGRAM PRODUCED BY P, R.FGUTOISKI AT THE u.,

oF ALBERTA A o ‘) - | -
ees LATEST UPDATE - ﬁAR.iIQ{?B cee _' o y‘f:E ' kfd
THE ORIGINAL VELOCITY spechAL ANALYZER WAS GIVEN 8y

D. DAVIES ET AL.o NATURE 1970. AND FEATURED BEAM Fonu:uc

FOR EACH VELDCITY (DELAY AND sunuATION) AND THEN FOUND. f“}f. ﬂ:
THE POWER IN 1 SEC OF BEAM IN 1 SEC xucnenenrs DOWN THE
RECORD. THE RESULTING VELOCITY vs. T;ne nnrnxxf-As THEN
CONTOURED AND PLOTTED.‘ THIS METHOD HAS SINCE BEEN SHCWN |
To BE RATHER DEPENDENT ON ANPLETUDE 'VARIATIONS ACROSS rue

A

NUMBERS OF SENSORS THE VELOCITY - AZIHUTH SPECTRAL ﬂEIHDD

A COHERENCE FUNCTIDN GENERATED 8y CROSS NULTIPLICATLON DF

TRACES IN CONBINATIONS OF TwcC NOT THE SIMPLE SUNHATION OF

THE SENSORS"I.E. FOR S SENSCRS. BEANFORM UOULD LEAD TO THE

y .L;

SUM OF s TRACES 'HEREAS COVESPA HDULD cnoss MULTxva'io‘ ‘ﬂf{@; ‘

”‘5 C 2) AND THUS MAKES MUCH NORE EFFICIENT USE OF

THE AVAILAB'

REDUNDANCV. -IN__M'ITION COVESPA S'EEPS‘,

NOT onLy THRDUGH VELOCITY AND T ’: HROUGH‘
AZIMYTH THUS EMPLDYING THE HAXIHUH INFORMAT 10N INHERENT
Iﬁ ’ARAY DATA. FOR A HDDERATE NUHBER OF SENSORS THEREFOR

T?§RE WILL BE VERY LITTLE. SIDE Lcee PROBLEM." : B

--***t*tttt**ttt*tt*tttit#fttttttttttttttttttttqtﬁétttttttttt

~
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INPUT

CARD 1 THRU 14 —— ARAY GEOMETRY (DISTANCES AND AZIMUTHS)

-

“J

CARD1S - FILE NUMBER OF DATA ON TaPE
" CHANNEL 0 - VERTICAL. 1= NS, 2 - Ew
NUMBER OF STATIQNS FOR THIS EVENT. | ‘
LENGTH OF Txus(sec) INDEX OF CORRELATION MATRI X
o o STATION NAMES IN'LITERAL FORMAT .
| FORMAT... 415 , saq

¢

NOTE: NFILE=999 TERMINATES EXECUTION QF PRDGRAM'

. CARD 16 START: TIME oF CDRRELATION GIVEN IN MIN.
| PROGRAM -SEARCHES + OR -’10 DEG ON EITHER sxos
OF THE 'STARTING Azxnurn (GEOCENTRIC AZIMUTH)
THE START TIME OF ALL THE RECORDS ARE IN SECONDS
c4§017 vavER SLOHNESS‘VALUE IN SEC/DEG
B v HIGHER SLOVNESS VALUE IN SEC/DEG
.SLOUNESS xncnenenv E.G. 0. 20 SEC/DEG
NOTE: Tnsse SHOULD BE CHOSEN so THAT THERE ARE

LESS THAN 32 SLCHNESSES

CORRELATION LIMIT BELO' UHICH MAXIMA !GNOPED

A 7.FoquAT 4F10.0

tttt"#‘"t ‘tt‘#t‘#‘*##t‘#@##&*t*#tttt**#*##*****t#********
. V' 1 N

G g
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" THIS PROGRAM HILE &0W SEARCH OVER THE SPECIFIED VELOCITY,
TIME AND AZIMUTH QANGES GENERATING‘A.SERIES OF’CDVESPAGRAMS
FOR EACH AZIMUTH PRINTING THESE GUT AND . PICKING SUCCESSIVE
MAXIMA OVER A S SEC TIME HINDOV INCREMENTED AT 2 SEC
INTERVALS THUS PRODUCING A SERIE S OF VELOCITY- TINE, AND.

[

CAZIMUTH ESTIMATES BY PARABGLA FITTING

e

) v ﬁ . : . S
****************‘***‘***********‘***'************* Sk ek kkRgk o

DIMENSION AZ(?.?).D(?.?);V(s;zooo).CC(10.10)-
ojiewsroN ccoa(lzo.sx.al).DELTA(lO.lO).Azu(7).71n55(s)
lbrﬁsnsng‘xvsstsl) | |
'DIMENSION‘AT(ZIT

oxnensiON TA(7),LU10) s MC10) 4 ITD(5)
’xNTEGthé TD(IO.IO) - _ S
REAL*4 STATNS(S) |

REAL*4 KEYTBL(7)/% DEL*,v EpMs,¢ MAR® .t PIN®,+ RMje,

1 Riz-.' TROY, o o | e
INTEGER®2 IBAT(8192)

NFLST=1

' READ ARRAY DISTACES FROM STATION TO STATION

READLS, 101) D

READ ARRAY AZIMUTHS FORWARD AND BACK o o

r



g c ' ' 124
FEAD(S-IOI) AZ

lOl FORNAT(?F!O.G)

READ NFILE.CHANNEL.NUHBEROF SENSORS-CORRELATION LENGTH.

. AND sn\nou NAMES N . : !

1 READ(5.100) NFILE.LL.NSTAT.ITSPAN.STATNS
100 FORMAT(41S5.5a4)

- IFCNFILE .EQ. 999) o 10 959

 READ START TIme, AZIMUTH, 1D TRACE START TIMES

3

_%&gleZl TSTRT.AZNTH.T!FES

102 FORNAT(?FIO 0.

,(“r;\‘\ - .
READ LOWER SLOINESS LIHIT. 'UPPER LimMrT, CORREL.'THRESHOLD

K READ(S. 105) VLeVU.VDIV.CORL T
=
105 Fonmnuno.o)

IF(NFILE <NE, NFLST) GO 70 401 e ey
IDENTIFY STATIONS

402 ’oo 71 I=1NSTAT
) 00 72 J=Io7
xF(surnsu) «NE, xef*rau.n) GO TO 72 :
IAtn=y v o | E’

6 T0 71 L



-

-

72 CONTINUE

11

71 CONTINUE

125

GENERATE ALL

AN=NSTAT

NUM=AN® (AN=-1.) /2.

‘. J= 1‘ ,

19

K=1 . - » \ RV //

J=J+1

DO 19 I=1.nUM _ﬂ\;;.;;,~—~// o
K=K+1 | o _ . ' ‘

IF(K .LE. NSTAT) G0 To 11
K=Jg41
L(I)=y

n(l)#k

o

FIND AMOUNT OF DATA 10 TAKE FROM TAPE AND WHERE 7O START

TMAX=TIMES (1)

IMAX=1 o \\\ B

00:20 I=2+NSTAT R o

IF (T }jﬁ.s‘r@nnssu)) G0 1o zo_

'._TMAX-TIMES(I)

‘jqo 2qﬁ I=1¢NSTAT

‘20

IMAX—P/

CONTINUE B

ToEL=rngx-tanS(x)



200

' WRITE(6.814) ITD

81s

818

. IDELAY=12_S%TDEL

lTo(l)éctgﬁsLAv
BLK=TSTRT/2, 73067
MBLK=BLK
XBLK=MBLK

TREM=2, 73067#(BLK-XBLK,

\

IREM:Q*IFIX(?REM‘?SO.)

ITSPAN=ITSPAN+40 e

 TSPANSITSPAN

xspAuzxz.StyéﬁAN

FORMAT(SX.FITD...'cSIIOY'

VRITE(6-818) BLK.XBLK.TREN:IREM.ISPAN

:FDRNAT(SX.' e *¢3F10.4.3110) b

[
DO 210 lzl.NSTAT .

O

READ STATION HEADER FOR THIS EVENT

." Q
o4 -

REAC(E) NFsIEVNT+SYS.STAT

220

 READ(8) IDAT

3
® |
A

/

REAC(8, END=220)
SKIP TO STATION DATA FOR THIS EVENT
CALL SKIP(O0/sMBLK.8)

ICOR=0
Y .\ ‘

WRITE(6.820) 1

P4
»

48



820

 V(I+X)=IDAT(K) °

FORHAT(SXi'STATN...I"IIO)

W - .

PICK CFF DATA FOR EACH STATICN SC THAT ALL TRACES

ALIGNED IN TIME
DO 230 J=1,ISPAN
14=4%y -

K=T4+IREM$ITD( I)-34LL+ICOR |

v

IF(K .LT. 8189+LL){ GO TO 230

WRITE(6,820) K

WRITE(6,820) T4 .

. READ(8) IDAT

230

233

234

900

821

- ICOR=-IREM-ITD(I)-1a~

>

CONTINUE
REMOVE DC LEVEL.

DC=0,0° R
DO 233 J=1,ISPAN

<

DC=DC+V(I,J) -..

- DC=DC/FLOAT (ISPAN)

DC 234 J=1,ISPAN

V(I4J)=V(I+d)-DC
WRITE(64900) NF,IEVNT,STAT..
FORMAT(SXs *PARTIAL TAPE HEACER *+215,A10)

WRITE(6+821) DC

FORMAT(SXe *0C.v.®¢F10.3)

®

a

2,

127
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caLL sxxvtx.o.a)
210 NFLST=NFLST+2
ITSPANSITSPAN-20 - | o
- ‘RAD=3.14159/180.
IVL=VL*100. + 0.2
IVUSVU%100. + 0.2 o o >
tvolv:voiv§1oo. + 0.2 |
TAZML=AZMTH-10, ‘ -
AZMU=AZMTHE10.
IAZML=AZML %10,
IAZMU=AZMU%10.
1z=0 ) |
oo 107 tAzsztAan.xnénﬁ.xo
‘xzéxz41' =
AT(IZ):FLOAT(iAzn)/xq.
A=AT(1Z)
AzM(2)=A )
Ain(1)=A¥o.x7aso
AZM(3)=A-0.648
' AZM(4)=A-0.08083
AZM(5)=A-1.63950
Azn(6)=n—1;sa7eé

AZM(T)=A+0. 22184 | T

el
-

CALCULATE DISTANCES FROM STATION TO STATION THE WAVEFRONT

HAS TO TRAVEL FOR EACH AZIMUTH

DO. 250 I=1,.NUM
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DELTA(L(I).M(I))=D(IK(L(I))y}A(M(I)))*COS(RAD#(AZN(JA(L(I
1)) ) )-AZ(IACLCT) ) s TACM(T))))

250 CONTINUE L ‘ ' I
FOR THIS AZIMUTH CALCULATE COVESPAGRAM -

Iv=0
DO 306 IVEL=IVL.IVU.IVDIV
1T=0
IV=1ve
VEX=FLOAT(IVEL)/100.
IVLIM=IV _ .
LMLy )
"VEE=111,2/VEX

" XVEE(IV)=VEX

 CALCULATE DELAY TIMES FOR EACH 2 STATION COMBINAT- ON

FOR EACH VELOCITY s

DO 301 I=1,NUM
3611To(L(x).n(IJ)=1g.$t(oELTA(u(11.u(x))/vsel

STEP DOWN IN TIME ALONG RECORDS DELAYED FGOR THIS VELOCITY

 'pd 305“ITdR=26{ITS¢AN.2
;on:gf,s#FLpAr(tTdR) - » B :_
NEND=12 H
IFLAG=0

304 TCC=0.0

'
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IT=I1T+#1 S
I0R1=I0R | : | . | o
K=1 & . o : ;

:'CROSS MULTIPLY 1 SEC OF DATA FOR ALL COMBINATIONS AND

vSUH THESE AT THIS TIME

"
g N

- v*"»r"c‘!“‘..;*‘.*‘*";‘”"”?.‘;i‘#iﬂ*’#i#‘tﬁf‘%titi#t‘# FA iiﬁ#ttt‘ii*##gt*:: '
i ) SO . -
' DO 302 x{?@yuh‘.?wf
Treesouo .. - ) i
,A~bﬁﬁi=6;o .
Anbnuasp.ov

| 00 303 SJ=1,NEND

J=JJ-1

’TTCCzTTCC+V(L(I)o!ORl#J)*V(N(!)oIOR!#J—TD(L(I)-M(X)))

o

‘ ANUPMI=ANDRM1+V(L(!)o!ORl+J)**2 ’
303 AnonnaaA;onuz’V(n(l).10R14J-ro(L(1).n(1))1##2 -
"'»CC(L(I).N(!))zTTCC/(ANORHlOANORNZ)ttO.S (;?“
ch=ch+CC(L(x).vtt)) | 5
)
‘ENfER‘Tﬁxﬁ JALUE'?NTO nAréxx -
'ceon(lT.xv.IZl=TCCtz /(AN‘(AN-I ) | "
IF(L(I+1) EO..L(I)) Go To 302 | |
'IORI=IOR-f{(L(K)oM(K)) ;. B ' » :4 ;~}
K:Kfl' E | . | |
202 coﬁTIQUE o T ;,aff . , :£$ o . -



'fF(tFLAG -NE. qi GO TO .30S
IOR=12;5*FLOAT(ITOR+1"
IFLAG=1
NEND=13
"GO TO 304

305 CONTINUE
:’ttt###*Q*#*tttttt**t**tt#*t#**ttt**t#****t#**###*tt‘ttt#***t
306 CONTINUE

IT=1

WRITE(6+109) A

109 FORMAT(SX, *AZIMUTH= 'oFlO;Zq' FOLLOWED BY v-T X-CORR

u

. 1PREFILE* /)
! WRITE(6.110) xveE
110 annAftlxx,zcsc.Z/)

ITSPAN=ITSPAN-20

WRITE MATRICES .

DO 980 IT=1,ITSPAN

WRITE(6,981) LT;(cton(xr.kv.IZ).1v=;,=yL1n)

981 FORMATU1X+I5,5Xs40F4.1) o L e
980 CONTINUE

«. ITSPANSITSPAN420

~ WRITE(6,983)
. 983 FORMAT(///7) AP

107 CONTINUE
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ITSPANSTTSPAN-20

e
I

STEP DOWN MATRICES IN TIME AND PICK MAXIMA ABOVE LIMIT

.-

ITMAX=0
' 692 J=ITMAX+2 o ‘ ‘ )
INTERTOS o e

IF (o .GT; ITSPAN-S) 6o To é»

chx=cc0R(i}1.1) |

0O 91 1z=1,21 o o . 4

. S , o e

00 91 1T=ds4y N B A - Qg@% .
00 91 Iv=l.aIviim R R

91 IF(CCOR(IT.IV.IZ) <GE, CMAX) CMAX=CCOR(IT+IV+12)
tF(cnnx .GE. CORL,IM) GO TO 93

WRITE (6,952) CMax H
952 FORMAT(SX, *CORREL LESS THAN LIMIT,. anx#~-sélo.3)
| xT;szxrnAx+2 | ﬂ |
GO TO 691
93 DO 2 1z=1.21 | o -
00 2 IT=geuy -Q&L!} s e
00 2 xVax.xVLtu '
lF(CCOR(!To!VoIZ) <EQ, cnax) GO TO 2

2 CONT!NUE

3 CONTINUE SRR _
CIFCIV JLE. IVLIM-1 .AND. IV .GE. 2) G0 TO 694

<«

WRITE(6+701) IV.I1Z,.IT

701 FORMAT(SX.*MAX. CORREL AT MATRIX EDGE, IVeIZoIT= v,3(%) -
ITMAX=T TMAX®2 ’



GO TO 691 °
694 IF(1Z .LE. 20 .AND. IZ .GE. 2) o To-6§3 , : >
vn115;61791i IVeIZoIT
>ianx=lanx+2‘
G0 To 691
- 693 ITMAX=IT

FIT PARABOLAS IN TIMEs VELOCITY. AND AZIMUTH

;TuOA-ccon(IT.xv+1.xz)4ccon(xT.Iv—x.xZ) -2, tccon(xr.xv.tz)
B-(CCOR(IT.IV+1.IZ) cccn(tr.xv ~1.12))/2, - TWOA*FLOAT(IV)
FP—-B/THOA
IFP=FP L
‘APPVEEﬁxvéE(IFP)+(FP4FLOAT(IF#))#(XVEE(IFPf!);kVéE(IFP))

. s
THOA-CCOR(IT+1.IV.IZ)fCCOR(IT-loIV'IZ)-Z *CCOR(IT.IV.IZ)
,e.(ccoa(xT+1.lv.lz)-CCOR(lT-l.xv.IZ))la. - TuOAtFLOAT(IT)

\
Te= “B/TUOA

TQoa:ccon(tT.;v.;z*x)+ccpa(xT.xv.xz-ll-z.&cconixt.tv.tz)
B=(CCOR(ITS IV, 1Z+1)~CCOR(IT, 1V, 12-1) )/2., - TWOASFLOAT(1Z)
=-e}rupA o )  °; 
in:sp |
"AppAzn=AT(tFP)+(#P—#L0AT(prt)#(AT(;Fp+i)-AT(IFP))
Y .
To=TSTRT#60. 420,

‘inITE(s.sse) T0
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558 FQRMA#(sx.-AT *+F10.5.° SECS DCWN THE RECORD®/)
wanEgegsqo)'CNAx |
560 FORMAT(SX, *MAX. CORREL .= *,F10,3)
LT,
WRITE TIME AZIMUTH VELOCITY
VRITE(é;SSO) Appves,Tp.AppAzi
FSSO'EUQMAt(sx.'Appg VEL== -;Fxo.s.- TIME= '.516;5.- APP, AZM= ¢
1.F10.5/) | | . | |
691 GO TO 692 o N ' S

B

J*% *“****_‘ﬁ*t####***#t ##***##*#####*"####t*##**t#tt*#t#***- .

401 CALL SKIP(NFILE-NFLST+0.8)
| IF(NEILE-NFLST .LT. 0) GO 19'591
"NéLST:NFx;E | |
GO TO 402 S
501 cALL;snlp(-l.o.a),
| ,-hALL.SKIP(loQ'B, B | S P

NFLST=NF ILE ‘ S T B - R

999 CALL EXIT | ' T T o

END



