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_corresponding increase in attenuation of seismic energy.‘

.« Abstract

Pirst arrival infornation reported by the Internationall

Seisnological Centre and relevant to specific ;egions of the‘“v

earth can be retrieved by*conputer fron the lagnetic tape

versions of the ISC bulletins. A large nulber of P arriVals

_ vhich reach their deepest point of*penetration near the core

‘mantle boundary vae exanined. The results suggest that the T

A

veloc1ty in the lover mantle under: the Indian Ocean and

Hinalaya is low conpared with the velOCity under’ either_

Kalchatka or uongolia. There is anbiguous evidence for a-

N
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-
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CHAPTER I : LOWER MANTLE HETEROGENEITIES

' ;assulptibn'-fOt a data set-relating to deep structures unde:’

\

B . ,R\ . o

Ig;;bduggicg . ‘ J“ : o v AR
The spherically synnetric 'average' eatth/has bgeh well

. _ — ,: " o :J_-,_i';}.__

deternined -by the study Iof seisnic v& s £ by~

. | y

'earthquakes and explosions,v‘s éfdent;y \fore

attention has been turned toward.- th * studjt.ifsaiegional'

deviations fron- such a.spheticang synletric@earth model.

,Lateral differences in the upper regions of the earth are -

ev1dent fron the studies of both surface and body waves and

such differences may per51st to depths of 700 km (Toksoz et

- al. 1967' Jordan, 1975a).,

vadence for the ex;stence of lateral heterogeneities . o
"at greater depths is contaninated by the obscuring effect of )

structures in the upper lautle;and crust. Hith increasing.-"

quantity and guality of 'data,l as uell'aS'refinenents in -

processing techniques, it lay now be p0551b1e to assess the

‘ anOlalies'in the 1ouer lantle. This the51s 1nvestigates this

B il
»
' ' N \ ’

Asia.
13

Con51derable ev1dence has - -been Tpresented~ by varibusﬂ

"authors’ in support of the existence of lateral variations in

the lover lantle (Julian and Sengupta, 1973 Kanasevich et_ i

, al; 1973; Jordan andlLynn,»1974: 021evonski et al, 1977). It;_

o : . » .
|- ' e e e ;

s



Py

" ‘has been suggested that these variations nay be in some way
. related to mantle-vide ‘convection, 'a pos51ble driving'

nechanisn of plate"notion (iilson, “1963° ﬂorgan, 191@).

™

- Certainly,' nore knovledge of the Ieyer lantle could providej
N
clues ‘to the nature of the earth's dynanic processes such as

sea—floor spreading and continental drift.;ﬁw

The najor proﬁlen facing all. the studies of the louer,,

t .
- nantle is. the nasking effect of structures in the crust and

- in the upper -antle. There are varibus corrections vhich nay
ihe appiied to the raw data_ in attenpt to elininate the
effect . of the upper regions of the earth. These corrections f

® .
vill be&discussed in Chapter 2.

'4'ave E;ave giles
Julian and Sengupta (1973) studied approxinately 3300

p—vave travel ‘times fron 47 deep focus earthgug%es. Deep'

'focus events (depth between 450 kl and 650 ‘km) vere chosen"'

-~

"to av01d anonalous .source effects (SOrrells et al, 1971).‘ '

'jCOnstant station corrections,'not dependent on the azinuth,”

vere applied tov reduce the contribution due to structures.i

I e

r underneath the’ receivers.-‘ Epicentral paraleters were"
' recalculated to \lini-ize gross errors due to nislocation.'
.The resulting data vere suff1c1ently accurate to 'resolve
itravel tine anonalies 1n 'the order of 1 0 sec. Since the

travel" tine of ‘P waves passing through the 1ouer lantle isf:'

*nof the order of 10 linutes, resolution.an the order of 1,sec

,corresponds to -an accuracy of 1 part in 600.



| T a"' B
~ ' This ‘study indicated a lnrge nunber of anonalies in the
”depth range of 2600 kn to the core-nantle bonndary vith ;i*
evelocity perturbations in the order of 15 ‘or greater and,”;
;physical dinension in the neighborhood of 1000 km.. There wasz .

no apparent correlntion. petween the lover mantle velocity%‘

’anonalies and the global gravity anonalies or geoid height..'

The travel time residnals uas snnll. 0 16 se¢ or 0. 23v”'
» sec * delays vere considered significant. since the stetion .
”corrections used in this study consisted of only/n' constnnt':'
v‘htern nnd the 1arge azinuthally dependent terls fonnd by
n-previous authors (Berrin; and Taggart, 1968' : iluall and'
'DougLES, 1910) were. not\ used,' it vas suggested thnt the»d-\
"'nall travel tile residuals.nay he dne to’ inadegnate station

‘corrections (Green, 1975). e e

f“&dfi Ellipticity of the earth corrections, uhich nay »he as

high as 0 5 sec, are also inportan; in this case end;shonld

he accounted for (Dziewonski and Gilhert, 1976).«:_}

N

. o
or

»"3’_. m:,gm e \ ’ ..': - r_' .l : ’7.;",{."' : // S
Co The travel tine derivative vith respect’ to epicentralf
‘distance A ’ is a 'nsefnl paraneter for the stndy of the -
| _lantle s:ane at teleseisnic di\stance (A > 30°) dT/dA deta is v
M-independent of the origin tine of the eerthgnake and is only“if,
}(fS1ight1y dependent on source \effects snch as (radiation- -

;patterns,i:and source depth and'location (Gntouski,~1974),_h'

‘ direct deternination of this paraneter can be ohteined fronp)f.
."'.‘ // i “v. _' . : ) . ' _‘-‘ . '_v P A' ,' \-» v N s N .
I .‘w,‘m¢?1'f I .xva L



\ S U
| o . - :‘l . .’\_5‘;1’
SQiSlic ar?‘y ta.. . : -t -“ ~ ;

Recedtly, \nnpber of authors have grasanted evidence P

/ H % "?' v
for conpressional vave velocity anonalies in the loﬁor .y

: i'

" nantke nsing 1ntdnluﬁion gathered fron seisnic‘ arrays.lfj§53
‘{ Kanaseuich ot al (1913) analysed dlgltal data_ f:o- the ;7f§
UniVersity of Albe:ta seisnic arrays- VASA and Poace, tor

An——n_w—events-irol-thewwoﬁﬁa—ané—SauoanisLaads——%he~?&asé~nve%ocitq—————~

'

\

’:f of the rays vere £onnq “to- have dev&ated ap. to 15: fron

results calculateﬂ using the Jeffreys-Bnllen tqbles. ‘Y:f 'fﬁ?f7}
.‘.”f - Since sonrce xeffects ;;ﬁfekf'notz 3ignif1cant. "the T

0

. contributions to the anonaly -qy ‘cone’ e1ther fro- the region .

R
S

under the recetvérs—or in theeregiﬁi qgat the lidpointo ofﬁﬂnif
the rays, or both.v erght(1975) pnesented datg» fro- the”

?W.

\,-...

e N

Qarnanunga array in Anstrdlﬁa andt

'i‘e !ellovknife ar:qy inﬁ“;w

L capada and pointeﬂ ont that scattor_;"below tue array sitesa_‘.v

‘hases (Buchhinder,;’

1972) Qod"Scs JphaseS(lﬂales;an; ,
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. that the radiue of\the core is unlikely tc vary by more than
a few Eiloeeters. jAccording' to Kanasevich ‘et al, the
observed dT/dA fqrﬂxefs Letveen Tonéa apnd VASA would reéﬁire
a core depressioe of nejrly 125 k;; thus, bumps on the core-

mantleé interface cah)be ruled out as an explanation of the

dT/dA anosmalies. A\ ‘e

Kanasewich et al ccncluded that the most likely cause

4 [4

of the observed dT/dA anosmalies 1= a heterogeneous region of
high velocxty hear the core-uantle interface in the region

. of bottoaing points of the rays. On this interptetation the

P

region under the Hauaiian'lslaﬁds may relate to an augpward
’ .

plume of convectigg -aterial from tgf_geep lantle. "

-‘ - -

o - ‘
Using data' from the ' Large Aperture Seismic Array
(LASA), Davies and Sbeppard (1972) ‘have also found ano-alous
values of dT/dA for rays passzng under Hawaii. Houevet.

these authors do  not place elphasis on the velocity

1

inversion obtained from the dT/dA data. The velocities under
Bawaii obtained fros the LASA dat% are different frcl those

obtalned frOl°VASA~ hovevet, the turning points of the rays

Y

. indicate that the two arrays areAsanpling different regions

of the lover  mantle under Bawaii (Gntovskl, i974). A

LY

veloc1ty distr1but10n can te constructed to acconnodate the

-results from both arrays. .

. 4. Differential Travel Times ‘ -

o
~—

In the epicenttal-distanceMof 30° or greater, P and PcP
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,phaseS»traiel along approximately the same paths in . the

crust _and in the upper mantle, and the paths.differ only in
the 1ovgr mantle. By taking the dgfferenticl travel ’tiles.
such a; Pcp~P and Sc5-5 one can .eliminate much of the
anomalous effects of fhé crust and the uppernoSt mantle. For
a spherically SYllegFiC earth, the dlfferentlal tlne ~ should

on}& depend on the epicentral distance. Por the above

reasons, differential travel times are especially suitable
o :

- for the study of lateral heterogeneities in the lqier

mantle.

Jordan and Lynn (1974) carried outoa study of ScS-S and
Pcp-p dlfferential travel-tiles froa two deep focus events
in South Anerlca. The d1fferent1al tlnes were read fro-

long-period selsnograls vith an accuracy of 1 sec or less.

When they compared the results with the Jeffrey—Bullen

téblg;,,the 'authoré found that‘ the res;duals showed a
coherent azimuthal dependénce ihich they inrerprered as a
regioh of high velocity in the‘.lover ‘nantle benéath' the“
Caribbean. This is in agreelcntcritp the results or Julian

and Sengupta.

The velocity-anonaly was estilaied to be greater than

1%. If the velocxty contrast is due to a theraal anonaly,

telperature,d1fferences of at least 200°c‘to 300°c uould be

' required. The scale length of the lateral heterogeneities

vas estimated to be 500 km or greater. Jordan and Lynn
U > : . S
suggested that this anomaly amay be due _to descending

material in a convecting mantle.
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Unfortunately differential travel time data must be

" obtained manually by careful analysis of many seismograas.

The correct onset of PcP and ScS phases is often hard to

1

determine. The S arrivals m'y sometimes be confused by

précursors to S resulting from conversion of S to P at ' the

“ base of the crust (Jordan and LYnn,‘197u);'Inlordei'tojuse‘

these high resolution data,' much time and lanpouef are

required.

5. A Global Study

A study on a global scale using data from the ISC
Bulletins was dqne‘by Diieuonski-et'al (1977). The detail of

the ISC Bulletin will be discussed in Chapter 3. The

'precision ‘of the ISC data is. lower than those mentioned in

fhe‘previous,stndies but the objective of Dziewonski's study

is to determine wvhether the_imprecision of this set of data

can bé dompensated by the large gquantity of oﬁservations.

Abproximatély 700,000 p-vave travel times vére inverted

vto~_det¢rnine vklocity -anomalies at ﬁarious‘depths of the

mantle. The authors accepted a travel time observation only .

if

(1}. The epicentral aistance vas gredter;than 275;

'(2) The event either was reportéd by at leastjso stations
or had a magnitude greater ﬁhaﬁ ottedual to 4.8. -

(3) . The station has reported at least 100 events. |

T (4) Thé .ubsolﬁte vélqe of the residual was less than 5

-



seconds. . v . S

a . \

.The epicentral parameters were not recnlcuiated. This
assules‘that any errors resulting‘frol_the_nse of J-B tables
vill be small for a good distribution of observations. Ih;\
theoretical travel times uere. calculated using the .PEH—C \\
velocity model (Dziewonski, uﬁnlesrand,iapvood,,1975). The N
travel times were corrected for the ellipticity of the earth _‘\\
‘using results pnhlished by Dziewonski and Gilbert (1976). In
calculating' the focal ~paraneters, the ~ IsScC employed

eflipticity cOrrections' due to Bullen (1973). Dzieuonski's
| ellipticity corrections agree urth Bullen's to vithin 0.25
secQ The P ueve .travel tines vere also. corrected for
individual station anomalies. _This azinuthhll# 'dependent -
)

' correction is similiar 'to that used by Herrin and Taggart

(1968a) . e o o

v In determining the  gLonal 'distribution of p-wave
velocity perturbations, the earth's nantle was modelled as
- four concentric ho‘ggeneous‘shells; of thickness frol:670 to
800 km, divided by five latitudinal zomes and  six
longitudrnal‘zones.’In tne final.stndyurthe second shell was
furtner sibdivided into ,tno‘ layers. The nelocity

‘perturbation fron a pherlcally syametric velocit
distribution was considered to be small and constant within
.each of the blocks. A least-sqnare solution for the P-vave
i

veloc1ty perturbatlons, v, 1in ‘each of the 150 bloq

found using 693,495 observatlonal eguatlons.
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Spherical harmonic ccefficients for the dlstribntion of

. the veloci:;/?;;onalxes vere found using tvo hethods. One

method is by intégration : B

Ailm S | m | cos mé =Y
Bilm =‘fndQ §v1§9,¢) P1(cosQ) sin,m¢
Another method calculates thtgp' sPheri§a1 h&r-onic
coefficients -agvithé“ieéétHSQuafé'wwlﬁtidﬂ{fo‘tﬁq'sysféi'Of’ B
eqdationsf y S I '
L .{Wm‘ —_—
L I Ailmlpl(cosexlj[cos mél, +
1=0 m=0
L1 | v
X X llm[Pl(qose)] [sin m¢]k = avijk

'1=0}m=l

- where the.bqr'dendtes'the'avéragé value of the functions in
the particular zone. For each she117there are 5x6 values of

bvijk and for L=3, there*are only 16 . coefficients to be

\

determined. This’ overdeternlned | system acts as a high

frequency filter and the 6v jk are\snoothed out by ;the low

I\ \

*,ordet contlnuous spherlcal harmonxc functlons. Thls form of

.

N

‘ representatlon is useful fcr conparlson with gggvxty data.

"SiXx ueil deflned ve10c1ty anoua11es vere f;;;;\\by\ ‘the

\
authors in the depth range of 2200 km to the co;e-lantle

boundary- pos;tlve anomalies under uongolla,' the Central
-pacific and the &rth Atlantlc' negatxve anona11es nnder

-Central Afrlca, Austr311a and off the coast- of ChllE. The
~ ‘H' \‘

correlat1on betueen the - veloc1ty anonalles and the long

uave-length gravity anomalles ls negatlve° that is, regions

-

AN
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of -high velocities are associatéd vith low denéitiés. Thﬂs%'
is Tno correlation ,betueén‘ the?ﬂdistribution  of velocity
anomalies and the surface tectonic' features4.aﬁd’ Veléqi@y
anoialiés ‘do vqot carry thtough‘_iertically from layer to

layer. - - ’ - ".\\'

/

-Cbnpositional»-vinhplbgeneitieS~_ﬂandm» mantle: ... .wide. . . ...

convection might: efp;qin the negative cOrrelétion betvween
the velocity and gqavity‘anOIalies. An hpper‘ limit om the
" dimension of the veélocity anoqalies in the lower mantle is co

placed at 5000 km.

The magnitude of the veloci%é)anonalies is in the order .
_ ' _ v o T : ' ' :
of 0.07 km/sec Ot less which may be too small to be resolved
by the P-wave data from the ISC Bul;étins (See cChapter 3).

The distribution of the anomalies in the lower mantle is not

~in agreenent‘with the results- found by Julian and Sengupta.»”

=

<

Dziewonski et al concluded ,that“this'sét of data by
_itself is not adequate for global resolution of anomalies;
however, it Naf ‘:eSOlvé regional ahonélies if a suitable

distribution of sources and receivers can be found.



CHAPTER II : P WAVE TRAVEL TIME E CORRECTIONS . !
. N X ' "/ } . “J

{
In order to dellneate any anonalles 1n “the lower IAntle

A WA

, through the use of sexsnological datl, one nust asséss the

nch as source effects,
. &’

lstructures under the seisnic statlbns and dev;ation of the.

effects, of extraneous contributlons

P

_ %
. dh:th from a spherical confignrat13n' Once the effects are

o

rknoun,-it ‘may- be. passible . to ellnihameh thenm_hy applxingf

'approprlate corrections to the rau data

1. Ellipticity of the Earth
S - - o f . L : v

The effect of earth's ellipticity of figure on travel
times was first studled by Comrle, Gutenberg and Richter

(1933). Bullen (1965) has presented a theoretlcal derlvation'

of the effect.

‘The perturbatlon of the radlal coordinate fron a sphere
due to elllpt1c1ty, is glven‘ to - suff1c1ent accuracy by’
(Bullen‘i965,.10-291: S :

81: = er(1/3 - cos %9 - o - (2-1)

_ . _ ,
where ¢ is the elllpt1c1ty at radlus r, and © denotes the
geocentrlc colatltude of the p01nt The ‘values of r range
) from -14 kn at the poLes ‘to +7 km. at the equater. Using
eqnatlon (2—1), Ivts poss1b1e to obtain an- expressxon for-
the cofrection to the travel tlne, accurate to first order,'

. , , a
in the form (Bullen, 1965): o

11

\
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8= cJYI/3Ep0529)(nzé‘pz)%lA+ | @-2)

1/p {Ae(1/3 - cosze)n?dv/drlde

where ¢, is the ellipticity of the earth's outer surface, P
is the ray _parameter ‘and m = /v . Using (2-2), Bullen
constructéd tables of elllptlc}ty correctlons lfor various

'mphases._Por practical appllcatlons, the approxlnate fornula'

5T = £(A) (B + h) | L. (2-3)

is lost frequently used,‘uhere H and h are the values of r

‘

at the epicentre and the ckserving statlon, and f(a)  is a
e i

functlon of A alone glven by tables (Bullen, 1939). For P

uaves, the/elligticity correctlons range fron -1.7 to +2.7
N @ ‘.. \ ~

.sec. :
021euonsk1 and Gilbert' (1976) calcuiéted ellipticity
cortect10n= based on ‘an exact fornulatlcn of the ellipticity
effect 1nstead of the approximate fornula ngen by - equation
{2-3). The dlfference tetueen thelr results and Bullen® s
approximate formula are as large as 0 25 sec for P. at 90°
epicéntral Ld1stance. 'Fo; . studies 'uherg ‘ashlgh degiee_of
accuracy.is requlred for the travel ‘fiﬁe; such acCuraté
ellipticitj »cofrections are essentidl. The ellipticity
éérréctions atg phl} slightly dependent on tfé velocity'

model as lohgl‘aS' the model is 'close' to an. acceptable

.Sxéndard earth model.
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Anomalous travel times are sometimes attributed to
structures beneath the receiring stations. A number of
workers have calculated station corrections to the travel
times of P wayes (Herrin and Taggart, 1968a; Cleary and
Hales, 1968)’ by forcing travel time data to agree vith a
particular model of #he egrthf,‘loften. the 'resulring
_corree;ionw for a given stoﬁion.;isTsnéllfCOIpared~t0>the

estimate of station variance.

Using data from 400 large  earthquakes and 30
\ H‘eiplosions, Herrin and Taggart (1968a) estimated azimuthally
dependent v station corrections for 321 seismological

”sﬂefions. A dependence on azimuth (Zij) of the form:

Tij = AL + Bi * SIN(2ij + Bi) O (2-4)

P

is assumed for the source, and statlon i. Ai, Bi, and Ei
“define the ith station cornectlon. These parameters vere
obtalned through a 1east-square estimate using the travel

tlme table of Herrln et al (1968) for 321 statlons.

t

The reSults of this stuéy shoved -that azinuthaily
dependent corrections hp.to 1 sec are reguired for’.sone
stations. in the U0.S. .corrections of s1m11ar nagnltude are.

requlred for other Stations in the world.

This traditional approach in ~calculating ‘station
corrections saay not‘be legitimate in the analysis of P”ﬁaVe
- travel times in vlarge epicentral distances. 'Eopirically

derived statibn corrections are biased by the distribution
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of sources used to calculated them. They nay contain as a

result, prec1sely the effect one seeks, deep mantle. velocxty

\

anomalies.

It is possible that in applying the station corrections
to raw data, one may remove the effects of deeb structure as

" well as effects- of 'local station'structures.“CorrectiOns
such as those found by Herrin and Taggart are not available

" for 'many stations in the world. A \
. v o .

3. Source corrections

Seismically aCtive, regions are‘“known to have strong
.lateral veloctiy variations."(ﬂerrin and Taggart, 1968b;
Sorrells» et‘alfn197f). Beneath trenches the .P wvave velocity
in the consumed lithosphere is several per cent higher than
that of its surroundings: The presence of sucn a‘velocity _
contrast vould.shift.the apparent position of tne.hyPocentreﬁQ

as well as bias the travel times.
i -‘ \‘ C ”
v Once tne structure near tus source is knoun, the effect
- on travel tlnes can be readlly calculated by ray trac1ng.
Thev maln dlfflculty in applying the source~correctlon is to
decide what kind of structure' exists near the source.
Sorrells et al (T971) .calculated the P wave travel times
residuals caused by the presence of a tthk slab ‘of high- -
veloc1ty materlal vhich dlps steeply into the .nantle;

Comparlsons were made with the observed data: from LONGSHOT,

an underground nuclear explosxon detonated on Anchltka

N3



Island on October‘29, 1965.

Althoughvexcgllent récords of hoﬁGSHOT Qere optained at
many stations, the errors in  epicentral estilafes ueie‘
surprisingly iarge- Dubois (1966) 'attributed them to
reglonal variations beneath the stations. Cleary (1967) and

‘Herrln and Taggarto (1968b) ap 1ed station corrections to . .

‘the data and still found a strong . aximuthal dependence in

the data.

In order to‘exélain the Longshot residuals Sbrtells.et
al assuued the source to be near a bent slab 1%“ km thick,
dlpplng 1n the northerly dlrectlon, reachlng a depth of 300
kn The re51duals predlcted ‘by this nodel are similiar to
those observed. The >residualsa are small in'thé“east—vesf
/direption, lardéiand hegati;e in fhé north directidn and,

.I.

positive going.south from the source.

| Another possible explanatio?‘ for .the sQﬁrce bias is
anisotropy ~in  the . 'slab. Alihough - no guéhﬁitative.
«calculations are available .2fq;. an 'aﬁisotrépic slab,
exferimentallpesults éuggest thaﬁban;sotropy in thelérdér of
10% is bossihle in preferentially_oriented olivine (Morris
et al, 1969). - |

' Unfortunately most studies of the lower mantle do not
consider source corregtions quantitatively. Qualitative

discussions do, exist howvever.:



CHAPTER III : THE DATA

1. ggg Igternational Seisnoiggical gggtge.gglletig :

All the data used in this study uere obtained fron the

magnetic tdpe versions of the International Seisnological

Centre (IsC) Bulletin. The contents of the ISC Bulletin have |

.rf been stored ”Aﬁf lagnetic. tape Asince‘ 1964. TIn the tine
,interval,fron 1964‘to 1?70,_approxilately 50,000 events were
~reported to Isc' by anproxinately 3,000 seisaic stations
‘located throughout the world. of these Stations only,1;#00

are active and Soohobservatories report/nost of the data.d

" The catalogue for the seven year period~contains erf'z
lllllon P and PKP arrival times. This mass of 7seisnic data

is acce551ble to a computer for the study of the earth's

lower mantle. These data are relatively .inaccurate when -

-

compared-  with the more detailed data used by other studies,

~but the ‘quantity “of tthe data. may compensate _for their

\

imprecision.

An exglanation of 'the layouttof»the Bulletin lay'be\

found in theﬁIntroduction of the_January;,1970‘volune*of‘the

‘ e _ - . , A
'Bulletin: The earthquakesi and explosions ‘are listed in

chrOnological order. Infornation on each event can be
divided ‘into 3 parts.. The first part sunnarlzes -the

4’preliminary estimates of “the focal paraneters as given by '

w -

the various reporting agenc1es such as USCGs, HOS, and. HOU. -

16
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The second part consists of’ revised estimates by the
'ISC. The International Seisnological Cénfre recalculates
focal paraleters of the event by a revision progral based on

. the Seisnological Tables of Jeffreys and Bullem c1940). Only

-

'P, Pg, P*x and Pn observaéions ‘are used in -’ the focal

paraneter calculations. Pg, P* and Pn.are wvaves near the

iR

. snrface travel through superficial layers of the ‘crust' and

are observed at distance less than 89 (Bullen, 1965).

o

\

Recalculated. epicentral coordinates and origin times
are given to one significant figure in the standard error.
The focal depth is exp?bssed both in fractions of an earth

radius and. dn kiloneters fron the surfabe. Depths are shown

to the nearest o. 0001@ and nearest Qilo eter. -

I
‘The ' third part consists of bbservational data reported‘

_by 1nd1vidua1 stations. fhe observational data con51sts of P
and PKP arrival tines. Some stations also give ‘S and SKS
rarrival times but these are not 4included in the relocation
calculations. Epicentral distances given é}e geocentric pnd
" are listed to}the'nearest 0.01 degrees. Station azimuths are

given to the nearest/degree. §fe P re51duals are also listed.

to the nearest 0.1 sec\_

Reporting 'stations are identified by a. three character

station WCOde gand -information on ‘the ,stations . such as

£

~

'gee/éaphic coordinates and elevation " can' be,foﬁna in a

station list~conp11ed for/each month's observations. ‘on sone_

of_the ‘earlier. lagnetic tapes _(before July, '1965) this
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station list is not available aid a station list. conpiled by
the United ‘States National Earthquakeﬁlnfornation Senvice is

used. statlon lnforlation can also be ﬁound in the Regional

catalogue of ~Earthquakes published monthly -‘by',-the‘z

‘ o ’
‘International Seismological Centre.

The problei of extgacting data frol the lagnetic tape

version "of the Bulletin 1s »non-trivial., ‘There is+ a -vast

~quantity ofvdata ‘and the foruats lack consisteucy.

-

2. Regglutio’ﬁ of the Data .

A51de’fron anonalous structures ‘in the earth, there are'

two najor sources of error in any seisnic data :_(a) errors

in estlnatlng ‘the arrival tlnes fron the records and, (h)

errors in estimating the source paraneters. Freednan (1968)%

’gave a, detalled discu551on “of - errors associated  with

selsmologlcal data. The folloving is a summary of these

e€rrors and the prodedures used in thzs, study to. minimize

O >

‘their effects on the resolution of the data obtalned from

-'the ISC BulletJ.n. ’ o o o :

(a) .Arrlval Tine Brrors

[N Y '

(1) niscount‘ - Miscounts of time .marks on the

seismograns -results'_iu'ferrotsu 15 multiples of

'secodiids, linuées or even hours. ’Truncation of -

8.

datae,iS““one lethod of ellllnatlng sone of the'

miscount errors. In this study, residuals of

o . . .

&

S . ‘oo ’ 3 ) < iy - :
as gross errors and are hence discarded.

o . ’ .V»-A , . )

absolute valueleowe:‘five seconds are considered



(b)

L 19
; Qs .

(ii) misidentification - The first arrival may be
missed due‘ to a high level of background noise.
Systematic errors may .resulﬁ for a particular
statigh due to the .firsi arrival selection
‘habits' of its operator (Herrin _ana Taggart,
fé6h§).rlcros$ iiéidentifieétibn of éhaseé iﬁy-be 
eliiinaped by the truncation lethgd:‘lentioned
above. To further‘coipensa;e for possible errors

J from lisidentification an algorithm that veights
large iate. arrivals }as .used to selecf firSt

arrivals when calculating the theoretical .travel

times (Roebroek and Nyland, 1975);

Cos . ‘ J s yar
(iii) instrumental errors - Variatioa instrumental

o

response, paper speed fluctuations, etc. are
examples of instrumental errors. These ‘errors are

much smaller than the others and may be ighored.

After truncationKOf-data and elimination of

- gross lisidentificationi; a conservative estimate
of the ertors in the estimate of -arrival times

can be placed at 0.5 sec for P vaves (Freedman,

1968) .

_Brrors in Source Parameters = "

.

Efrorsqin the estimates of' origina time and
ﬁypocentg: of an earthquake are more difficult to
pinéoint. since the estimates of the source
parameters are conplicated‘functions‘of the arrival

times, their errors are dependent on the errors of
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the travél times. In calcilating the epicentral
parameters, a least-squares fit -of the oﬁserved
travei times to those calculated froﬁ a spherically
symaetric earth model is made. The choice of this
model. ‘must contribute errors to the source parameter

“estimates. The ISC uses the Jeffreys-Bullen tabies'
for its epicentral calculations. The Jeffreys-Bullen
- tables are sufficiently accurate for the 3vérage
eartﬁ that, glven a large nunber of observatlons, the

errors should not be 51gn1f1cant (Dziewonski, 1977).
1 .

\ For each event, the ISC also lists the estiaates
of the errors for the various focal parameters such
as origin tineiand depth. By 'studying these _errérs
oneu may be able tp determine the resolution of the
ISC data. Also listed is the deviation (from the J-B

tables) for a single observation.

The average of the standard deviations of a

B » . . .
single observation vas calculated for 76 events in
the  Philippine region. Allﬂevénts are from the month

of January, 1970. N

The average standard deviation was 1.62 seconds.
E;en ghdu§h this standard deviation is with respect
to the. J-B fahleét;it still gives an estimate onm the
intrinsic reéo;ut{on of the daté.'iith a lérge hunber

of observations, the resolution of the data may

- improve; however, it is difficult to deteraine
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qﬁantitatively how the'»accuracy _changes with the
vnumber of observations due to uneven &istribution of
events and receivers. It is safe to say' thaf,‘ after
truncation, residuals with nagni;ude greater than 2
sécondg are significant. Residuals less than" 1 second
may result fronm Ca;ses othgr;&ﬁan anomalies imn - the

]

ea;th;

*

3. The Source Reqions .

»Table‘ 3-1dsumlaries the seismic rggions from qhich éll
the eféﬁts for this study vere'chdsén. The ‘source regions‘
may be divided into two main groups : the western largiﬁ of
the Philippine Sea Plate and the Sunda Archipelago.

' (a) The Phillipine Sources

‘Por-conQenience, the firsfl.gfoup of sources
shall be called‘the Philippine sources. Nuch of‘the
westefh_margin of tgé Philippiné Sea'platevappears to
be in a +transition _Stag? of a 'de&eloping platé
boundary that ‘consists of deforlétionvzones for tﬁz—
accommddation of\platévnotiOn (Rowlett and Keileher,
1976),' Four  segments of the boundary can |be

..identified : the Ryukyu.arc, Taiwvan, the Luzon strait

ahd the Philippine Islands (see figure 3-1). . .

Katsumata and sSykes (1969) observed typical
features of a shbddcting.largin along the Ryukyu arc

with earthquakes concentrated in a planar zone
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‘dipping 35° 4‘a5°.northwest to a‘depth of about 280

km. Rowlett and Kelleher (1976) found that along the

portion of the Ryukyu arc between Okinawa and the

Japanese island of Kyushu, occurrence of ' large

earthquakes is very ipfrequenf.

‘Southwest of the ' Ryukyus, in the vicinity of
Taiwvan, a collisional boundary between the Asian
continental lithosphere and the Luzpn\arc has been
proposed (Chai, 1972). This is a fairly active region

in terms of seismicity.

Earthquakes observed around the Luzon Strait are

generally shallow and of moderate magnitutes (M <

"6.9). This diffuse zone of seismic activity suggests

tectonic strain releases regionally rather than along .

a well-defined boundary (Rowlett and Kelléher, 1976) .

. : @ _
Earthquakes in the Philippine Islands are also

shallov and are distributed in a diffuse pattern
throughout the Islands. Many large earthquakes are
clustered along 6: near the Philippine Trench and the

Philippine Fault.

Also grbxied' with the -PhilipbinevsourceS‘are

earthquakes frol the Borneo region just south of fhe

- Philippine Islands.

The Sunda Sources: : . ‘ : o @

The second dgroup of earthquakes, 'called the
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Sunda ‘sourceq, is much bettef defined .than then
Philippine ' sources. It consiéts of events from the
Hestern,SundafArc and. the Ehster# Sunda'Arc.ﬁith ':he
Sunda Strait ;cting as a physiographic break as wvell
as a teciogic break (Fitch, 1972).
- EheVWesféfﬁ Sund#kAre i§>>a;;ré§io;”’gfil$héiio;
underthfusting of the oceanic~litho$phere associated
with the' Indian Ocean-Australian piate. Seismicity
generally fermingtes at the depth of 200 km and the
angle of dip of the descending slab is not vell

known.

There is further evidence of the tectonic bréak
from éhe concentfation offshallow éarthquékes in  the'
Sunda Strait:regibn..East of the Sunda Strait is thg
Eastérn Sunda Arc uheré earthquakes”as.deep as. 600 k&
'are‘reparted. A dominégt bathymetric feature of this
region is' fhev‘Java' Trench.'.Seishicity 'prbfiles

‘indicate a dip of 30° (Fitch, 1970). '

"The Suhda  Archipelago° represenfs a; tectonic
feature that is apﬁréiinatel}&;erpendichlar to most
of the features _aléng the western margin of  the
Philippine séa‘plateﬁ thus, the two groups of sources
may aid_inrthé study of source effects.

\

4. Time Period of the Events

Unlike -pziewonski et al (19%7) in their giobal study,

\

&> .

U

SR SRR I N
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where events from all the seven\available years Hene used,
the events kln thlS study uere\selected only froa the years
- of 1969\and 1970. It wvas found ‘that additional data dlg not
ehange 'the general results obtained fron'tne data of tuo

years. It was concluded that the short time period was not a

~

fundamental llmltatlon in”the”data“and that the~1ncrease Sin_ .

\

-computlng expendlture vas not justified, byqa small increase
in information if a longer time interval vas searched for
‘data.‘ For the years 1969 and 1970, approxlnately 14,000 P
wave arrlval tlmes vere obtalned 1n the eplcentral distance

range of 60° to 110° for events in the selsnlc reglons
. ) ‘ |

llsted in table 3-1. , - S - L

r

All observation data vere taken asifhey are reported in

b : ' A
~the ISC Bulletin. No recalculation of the epicentral

‘ : \ -
.parameters vas made. : - _ v\\\



- Figure 3-1

|
|

The major tectonic features of the
philippine source regien: Longitudinal

"Fault of Taiuanw(L.F,),\Philippine Fault

(solid line), active volcanoes
(triangles) and trenches (saw teeth on
upper plate). The 100-fm (183m) contour

‘Tepresents the approximate boundary of

the continental margin. (After Rowlett and

“Kelleher, 1976) -

25
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Fiqure 3-2

27

The méjprJtectonic features of the Sunda

Arc. source region. Shading and striping
mark regions of known or suspected
extension and shortening, respectively.
Directions of relative motion between the
major plates are given by solid lines
(Morgan, 1972) and dashed lines (Le
Pichon, 1968) . (After Fitch, 1972)

<
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TABLE 3-1

. i | | -
SEISMIC REGI_ON | sSgB-REGION | 'NAME OF REGION i
NUHQER | INDEX 1 |

Il a4 e
L] L] ] . -

| L L |

20 | 238-241 1 RYKUKYO ISLANDS i

{ - C {

. 21 | 202-247 i TAIWAN |
e | | . |

22 . 248-260 l "PHILIPPINES |

’ { ' [ ’ {

23 { 261-272 | BORNEO-SOLAWESI |

| : 1 N (

+— : —p _ —

\ | ' { :
24 |j 273-.293 S & SUNDA ARCHIPELAGO
! ra lL ' | B |

»

— emn o ol
.
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CHAPTER IV : P WAVE

o

1. Introduction o -

. |

One of the most prominent velocity anomalies found by
Dzlewonskl et al (1977) in the depth range of 2200 kn to the
.core~ mant;ee bQ“nﬂaﬁYawésveéﬁmh%gh velocity .reglon”__under
Hongolia.7 A velocity pertUrbation in the order ofvas n)sec

was found in this region. Using the same data base, a \ study

‘on a much more restrictive and regionalized scale wvas made
‘on .the. Momgolian region to see ‘if such a result is

repeatable. Neighbouring regions in the 1o(er nantle'uere

also examined\for the purpose of comparison.
\ .

~2.'gata Selection Procedures o o o .

To sift-throughuQFé huge quantity of data available on

' the npagnetic tape versiog of the ISC Bulletin, an improved’

version of a computer progran\package, originally vritten by

.
N

E. Nyland, E. Roebroek and L. RosséLi'at the University of

, : ' AN .
Alberta, was used in an autonated data search. . -
. . . s - c. ) T

The flrst part of the program, called PISCJ, is a read

N
.

‘ and urlte operation that plcks out relevant 1nfornat10n from

‘the tapes accordlng to the restrlctlons deflned by the 1nput

parameters to the program. The follovlng is a descrlption of

" the necessary input paraneters to PISC1.

" (a) Time 1nterva1 to  be searched: ine intervals‘ to be

searched for data are defined by months and years.

.30
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Each 2u00 _fOOr magng}ic tape cohtains ,earthquake
&nfornation‘hfor .a six month period and the tape is
positioned to .  the ¢orrect/ month before the data
Areading/phase of the program begins.

(b) Region ' numbers : Seismic regione of the world are
a551gned unlgue reglon numbers (Flinn and Engdahl,'
-1965) accordingqyto xhelr geographic locations. ‘This
nuaber is ;isted for each eveht and it is a .useful
index for earthquake searéhes; A list of rhese
nuhberé oorres§0nding to their geographical“area .may‘
be'fodhé in the Regional Catalogue of Earthéuakes;

(c) »Source ‘boundary coordinates ::' This iaput further
defines the limits of the looarion of the erent/}by
latitude andklongjtudeﬂcoordinares. |

() Limits of ‘epicentral distahcel: Arrivai.tihes of p
-ohases are extracted only = from sStations with
epicentral distance falling within this limit. This
indirectly definee the depthiof penegiation of the ' P

phases.

H

The output of PiSCI cthists of the folloiing : seismic
. ' ’ A @ o » |
region number of the earthquake, latitude and longitude of

‘the eplcentre, depth ‘of the. eplcentre, orlgln time ofn'the'

o

.'earthquake, statlon code of the statlon, arrival time at the
statlon, eplcentral dlstance, and the station a21nuth. This

output vlll be‘further processed by the second part of the

program package, ‘named - PISCZ//whlch calculates travel time

re51duals for spec1f1c reglons of the earth. |

(-4

C e
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3. Travel Time Residua

1 calculations

The €heoretical t}avel~times for each 'obsetvedv phase
were calCulated by a subroutlne whlch was wrltten by M.J.
Randall, M. Shlmshon1, J. Gardner and E. Nyland at UCLA. The

veloc1ty model used for the calculated travel tine vas fthe
Jordan Anderson uodqn B1 for P uaves (flgure 4 1, Jordan ehd

[4

Andersqn, 1974) .

" Model B1 qas‘ 1nverted from an exten51ve set of" free@ﬂuuﬁ

osc11latlon data and differential travél-tlme data. The freqﬂ;?m

o

oscillatlon data glve good parameterization of the earth'
' crust and upper mantle whlle the dlfferentlal travel-txmes
‘provide ‘high re501V1ng power for the louer mantle. Absolute

travel times and dT/dA data were not used in the inversion.

o
W

s -

This model is characterized by the lack of a low

o

in

o . T _ ,
velocity zone for - combressional > wWaves and - two.

discontinuities in the upper nantle tran51t10n zone at
depths of 420 and 671 km. The radius of the core 1s flxed by
PcP-P times at .3485 ka, 12_.km greater than the ‘value

obtained by Jeffreys and Bullen.

' The 'Internationel Seismological ‘Centre calculates

eplcentral parameters by using the Jeffrey-Bullen Model' . but

a dlfferent nodel, the B1 nodel, is used in calculatlng the.

dlfferences between observed ‘and theoretlcal travel tlle-for

‘the followlng reasons:

(1)  New observatlons, especiaily ' ultra-long perdod

o

seismological data, indicate a need for revision of

. . i . - :
- ‘ 5%}

4

B

—
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the J-B tables (Herrin et al, 1968; ‘Hales and
Roberts, 1970). The B1 Model is expected to fit
observations from an average earth to a. better
accuracy than tpe J-B Tables. |

t2) - The errors resulting fron using two differeue
veloéity models in tyé two stages of the 'data.
processing are expected to be small conpated to -other

errors; thus. po recalculation of the epicenttal‘

a

paréleters is required.
(3) Hodel B1 is only used as a reference model. Emphasis
vill 'be piaced on thé relative behaviour of the
‘residuals ffop different regions of interest rather
than on the absolute travel time residuals, ie, to

see if certain region is faster or slower than other

regions. ' )

“

All calculated travel times were corrected for
ellipiticity of the earth by using the approxilate'Aforiula

(See ch#pter II):

., 8T.= £(A)(H + h) . ; C(2-3)

#, O

The gxacthcdftections of Dziewonski and Gilbert (1976) wvere

not used because the difference betveen the tvo corrections
i;‘- 3

is not significant for this set of data.

3

No soufce corrections vere applied to the data. Since
for many stations used in this ‘study there are no well-
. ' . » -

determined station corrctions available, no station‘
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corrections were applied. Instead, observations from a wide

distribution of &tations vwere used to reduce any coherent

station effects.

4. Results of a Regional Study _ o » .

Teleseismic rays spend 25% of their travel time in the

‘lower 10% of  their paths (Julian and Sengupta, 1973);
’ A , v ‘

- therefore, the contribution to the total travel time from

the neighbourhood, of the rays* bbttoqing points 1is

significant. If one was able to eliminate upper mantle and

T

‘crustal anomalies, the effects of th /1ouer mantle could be

studied by pértitioning the;;pbsérved phases into groups

according to Egg;;//bﬁftoning points. This is the approach
. e ’ Y

- T ' } g
used by Julian and Seangupta in their travel times study

vhere they arbitrarily assigned the ceatral 30° of the ray

‘path as the contribut{pg region to any anomalous residuals.

- In this study, the four regions of'interest.(Taﬂie 4-1)
vere defined by four-sided polygons and the midpoint of each

observed phase was calculated. Then the observed phases vere

ety
4

either accepteded or rejected by  vhether their_ nidpoidts_‘

vere located within a region of interest.’
ta) Philippine Sources

(1) Kamchatka Region

Pigure 4-2 shows the earthquakes and -

stations used for the study Kamchatka. Also shown

are the midpoints of the observed phases relevént

.
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to tﬁié region. The travei time residuals of
these phases uith respecf to the Jordan-Anderson
-Hodei ;re plotted on fighre 4-3. The epicentral
distance range ff the data is 60° to 1059,
corresponding to.a depth range of approxiﬁately

AN
1500 km to the <cope-mantle bounndary for the

¢
L

deepest point of penetration of the rays.

. A least-square\ fit polynomial is plotted

through the dat& podNts. The maximum degree of
the polynomial is ;hree.,"é objective in wusing
suéh, a curve is not .redlly to imply that the
reéiduals are such a mathena _cai fﬁnction of the
epiéentral‘distance; rathef, |it is intended to

aid in visualizing the tative nature of the

L

dependence of the residuals on delta.

Hov well the curve describes the behaviour
_ of the data points can be indicated by a quantity
called the coefficient of determination. The

total variation of the residuals is defined by:
SHti-T) = Y(ti-£5) + 2 (£i-T) -
i i i .

vhere t is fhe travel time lreSidua;, T is the
averagé of the residuals ;nd f is the estimate of
the residual basea on the assumed function. The
first term on the riéht‘0f>(491) is Called the:

unexplained variation while the second term is
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call the explained variation, so called because
the deviations (f3-T) have a definite pattern
wvhile the deviatiops (tifT) behave in a random or

unpredictable manner.

The ratio of the explaiﬁed'variation té‘ the
" total variatiom is called the coefficient of
‘determination, .CD. if tﬂe total variation is all
unexplained, the ratio is zero and if the total
variation is explained, the ratio is one. The
IASL » Library subroutine thai was used 'in
calculating the least-sqnarz fit curve controls
‘the degree of the fit‘by using the coefficient of

determination as a pafaneter (Porsythe, 1957).

Table 4-2 1lists the coefficients of
determination of the polynomial fit up to the
fourth order. _Thg value of CD compﬁted for Fach
case measures the relationship bétveen” the
residuals and delta relative to the type of
’equation assumed. For example, if CD is‘ neaq;y
zero for the lineaftfit, it means that there is
no linear c&rfélation‘betweeh the residuals. and
‘delta. The value of . CD thus deterninés tﬁe-

Y

significance that one can attach to the curve.

. Ty ‘ )
The generally small' values of the
cbefficiehts of determination indicate that it is
not reasonable to ‘place .too much faith $m the

<
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cubic curve; - however, visual .inspeptioP 'shous
that the cubic. curve fulfils its intent as a
rough representatioﬁ of the datg. Noyfurther’ use

is made of the curve.

The length{ of * the error‘ bars hefe, as
.elsewhéfe; iénfuo.tiieﬁ the sfaﬁdafd errbr of the
data set with respect to the po;ynomial. The
intérval of one st;ndard‘erroi above and bela;
the p§lyno,i§l'repre$ents " the 68.3% confidence

—

interval, that 1is, 68.3% of thé data points are
expected to fall within this interval. The. size
of the error bars gives useful infornation‘ip~thé
scatter of the data. In. case of the Kamchatka
'data, the standard error is 1;1 sec ;nd the total
number of observatiomns is 598.

-

“In their study of deep focus éarthquakes,.
Julian Aanﬁ Sengupta found _fhe velocity of the
lower iaptle bénéath)tﬁe kanchaﬁka“reéion to be
low with fespect to the J-B tables.-sincé the
calculated travel time from the .Jordan-Andersii};
model 1is approximately_z.s sec earlier than that-'
from the J-Batébles at the epicentral distance of
‘605;énd the difference between ‘the two models
decréases to approximately 1.0 sec at 909, slow
arrivals yith respecﬁ to the J-B tables would be

much slower when compared with the J-A model.
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~

No signigicant anomaly is evident in the
travel time residuals shown in figure 4-2 except
for a positive 1.5 sec. in the 60°‘to’70°'rahge.

Mongolian Region : : -

Pigure 4-4 shows the phases and stations-

used for the plot\of travel time residuals in
: -

figure 4-5. As with the Kamchatka region, the

‘eients‘gsed wvere from the- thiippine sources.

Notice in figure 4-4 thﬁt some of the events

. along the Ryukyu arc vere not deteéted vby this

set of statioms »ﬁhereas .the. North American

‘stations did qbserve these events. This may

» .confirm uhat Rowlett and Kelleher have fbnnd,

that ‘the earthquakes occurring in this

' neighbourhood are of small magnitude and they are

detected by the stations located in Alaska more,

' readily than by the European stations.

‘ ) Tkg graph on figure . 4-5° shous' a large

‘concentration of data near the 900 range and the-b
; overall zero residual is - evident. The positive

trend \beyopd 1009 is  probably due to the

exaggeration of the  cubic polypomial
representation;,nevértheless, the-lajor{tj of the
residuals are positive in the epicentral distance

¢

of 100° and greater.



(iii)

39
.-

- Dziewonski et al havé\found this region of

X

the lover mantle from 2200 km depth to the core-

mantle boundary to be‘ fast. This depék'range

‘corresponds to the delta rahge from 75° to 1059,

but figure 4-4 showvs that this set of data

. indicate normal behayiqur_ivith\ﬂ;espéc;ﬁ_to__the
- Jordan-Anderson model. There are 769 points on

~ this graph with standard deviation of 1.4 sec.

Hilalaya Region ’ ;
.\\

The third region sampled by the Philippine

sources is the Himalayas (see figure 4-6). This

]

includes the collision boundafw between the

 Indian plate and the Asian plate. Tt would be of

interest to examine the lower mantle under the

Himalayas to see. if <there is any anomaly that

wvould correlate with this surface feature.

Figure 4-7 shows ‘the 212 travel time

residuals obtained for phases that bottomed under
Himalaya. The standard deviation increased ‘to 1.5

sec indicatiyg ‘a greater degree of scattering,

evident in the 900 to 1000 delta range. The

polynomial shows a definite positive. bias in the

residuals ranging froam a maximum of 2.5 sec near

700 and decreasing with epicentral distance to

.

1.0 séc-nearA100°.

.\\
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(iv). Indian Ocean 'Region A

ok

The ge01d has a llnlmul in the Indian Ocean
just south of India. This region is sanpled by

phases, recelved by statlons in Afrlca, from the

Ph111pp1ne source earthquakes. Ihe_”asailable.h..

observatlons ‘are greatly reduced in nunber even
though the: sale set of earthquakes used in the
previous three regions is searched for p arrival
tlnes. Most of the events detected by the elght
Afrlcan Stations are located in the Phlllppine

.Islands area (see figure 4-8).

Figure aés ' shows . the‘ 46 travelv time
b i residuais plotted ' against the  epicentral

| distances. The standard dev1atlon is 1.6 ‘sec Due

to the dlstrlbutlon of stations and events, there

were no observatlon in the delta range of 60° ¢to

80°¢ Even though the nunber of observatlons is

nuch snaller than at othexn regions, the positive

~f . bias of the data is ‘quite pronounced. Obifr'ed?
'travel tlnes vere delayed up to 3 .sec compared tp

thetcalculated travel times.

(b) Sunda'Sourcesv

A second group of earthquakes, the Sunda Sources,‘ vas
“ used to sanple the ﬂongolla, Hllalaya, and the Indlan 0cean

.. regions. The nldp01nts of the phases fron the Sunda Sources
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do not fall in the Kamchatka region, hence, no conparison

can be made for this region from the use of two different

groups of sources.

(i) Mongolia Region\

(ii)

(iii)

A

‘The ‘travel time residuals for the Sunda-

SOurcé‘are,plotted in figure 4-11. The polynomial

indicates that the average of this ‘set of

. . ’ -
residuals is  again near zero for all available
delta ranges. Most of. the observations were

c}ustered around the epicentral‘distance of 1000,

Himalaya Region'

‘The polynomial in figure 4-13 is much closer

" to the zero linme than that of figure 4-6. The
' : {

difference is especially noticeable around ‘he

70 delta range, where the residuals have gone

from a positive 2.5 sec for the Philippine source

-tg zero for the Sunda source. The scatter of the

- data is alsocless.,

Indian Region

Pigure 4-13 shgws that only two African

stations were reporting the P phases from the

Sunda sources. The small number of observations

again indicate a definite delay in the travel
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time of P phases in the order of 4 sec.

A

‘ . \
Even though the Jordas Anderson B1 model satisfies a

~large number of‘seismologicai observations, there may be
systematie .errors inherent in the reSiduals of all regions

of the earth due to the usage of this, lOr any. reference
model. Hovever, the magnitude of this error should be snall

(Jordan and Anderson, 1974) and for the purpose of the

interpretation, a particular set of residuals may be choosen.

.as° a reference, thus minimizing 'the ambiguity of an
. N |

inadequate reference\velocity model.

O0f the seven sets of ray paths, the Philippine-

Kamchatka ray path was choosen as a reference. The residuals

for +this path are close to zero for nost epicentral

distances. There is a fairly even distribution of available
observations throughout the  delta range.ofvinterest,(see
figure,4-3).

H

Using the‘residuals -of the, Philippine-Kanchatka ray
path as a reference, the behaViour of the other six sets of
‘residuals can be disccussed p051tive bias in- the
residuals fori the delta range of 60° to 80° is
”ycharacteristie for most of the .ray paths' where the
configuration» of - earthquakes and stations was able “to
provide observations at this delta range. This anonaly may

be explained by accepting the hypothe51s that the veloc1ty

i
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model for this depth range (1500 km to 2400 km) is probably -

fast, resulting in a positive travel time residual in

- order of 1 sec.

Philippine-Mongolia Ray Path

[

A d

 For most of the epicentral distances, especially

between 80° and 100°, the residual curve for the
Philippine-ubngolia - path (figure 4-7) is very iuch
the same as that of the Philippine Kamchatka §ath.
The stron§ -upward tilt of the curve beyond 1000 is
probably gxaggerated by " the cubic representatién;
ﬁohetheless, the predominately'poéitive fesiduals Ray
; indicate a.lo; velocity region in the depth range of

2800 kam to the core mantle boundary.
{.

~—  Dziewonski et al have found "that thé lowex

mantle 'velocity under Mongolia is 0.03 km/sec higher

than that under Kamchatka. They have shggesteﬂ a

maximum ' linear scale for the anomaly of 5000 ka_or

less. rhis would produce a difference in the travel -
time .tesidﬁalsfmbetueen the two regibns of about 0.8,
sec in the delta ranée :of 759 ‘to 1050°. Such‘ #I
difference is not evident from the two sets of
residuals iﬁ figure 4-5 and figure 4-3. The standard
error of 1.4 sec for nnOngolia ‘and 1.1 sec for
Kamchatka, suggests‘that‘a difference of 0.8 sec may

- be undetectable._

t/‘

-

kY
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sunda-Mongolia Ray Path , .

In contrast- with the Philippine-Mongolia path,

the number of available'observations'for: the Sunda-

'Hongolia path is small (see figure 4—a) and the

residual curve is a constant -0.9 sec throughout all

- delta range. vThisrvset-fof.fesidualsndoeshaﬁpearAtoA

indicate that the Mongolia region has a higher

‘velocity thgn the Kamchatka region by the appropriate

‘ \ @
amount. '

0

This negative residual may also be the effect of
| ! . .

-a .down dipping slab of high velocity material near

i

'the'sonrce. Sorrells et al have shown that it is

possible ‘to. have residuals due to structures under'

the source up to -1. 9 sec 1n the azimuth such as

that between the Enropean stations and the Sunda Arc.

'Source effect is vcertalnly a plausible exp;@natlon
for the negative residuals shown in figure 4-11 7in

view of the well developed island arc systen of‘ihe o

Sunda sonrces and the evidence of the existence of a
down dlpplng slab here. Such an. 321muthally dependent
source effect may not be present ‘in the Ph111pp1ne

sources sifice the locations of‘the'eplcentres do not

suggest a -systematic arc structure (see figure 4-10)."

Philippine-Himalaya Ray Path

.The travel time residuals (figure 4-7f,for this

<

PR )

e .
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ray'path are mostly positive. The obéérved ,travél
times in the delta range between 80° and 100° aré up
.tov2\ segi hiéher_ than those for the Philibpine?

Kanchi%ka ray path -and the Mongolia ray paths. The

vide - distribution  of vreceiving stations is not

_.expected to produce any coherent station effects in

the travel times. Again, source effeéts fron_ fhe
Philippine sthces A;e not likely to bé important due
to thevfac;/that ma jor seismic act;vity here ﬁaé nbt
yet consolidate@ élong any well}developed/ transform
and subductioﬁ boundaries (Rovlett and‘ Kellehér.

1976) ;rather, - earthquakes seem to be clustered in an

uneven distribution. b

-

/ This set  of residuals suggests that the lower
mantle under the Himalaya may have a lower velocity
than the 1oie:  mantle under-—édther Kamchatka or

Mongolia. .

Sunda-Himalaya Ray Path . ' I ‘i,<>

The travel time residuals for the Sunda-Himalaya

ray ﬁath'(figure 4-13) are strikingly‘differentu frona

those of the 'Philippinefﬁihalayal ray path. The

residu?lICurve is ‘up to 2.5 sec . lower than the

Philipﬁine-ﬁimalqya residuals. As with the difference

between the sSunda-Mongolia and Philippine-Momgolia
residuals, the difference hetwéeﬁ the two séts of

 Himalaya residuals nay. be attributed to the source -

,

34
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effect of the Sunda Arc subduction zone. If this ‘is

true, then the Sunda—ﬂimalaya residuals al#o indicate
. .“I

a lover velocity under the Himalaya.

[

Pnilippine-Indian Ocean Ray Path and Snnda~indiane
Ocean Ray Path ' '

There are two significant ‘differences betweeh '

the reeiduals for the Indian Ocean regxon and the

re51duals of the other three regions' one, ,the nulber

; \
of observations is much 1ess than can be'! accounted'
. . ¢ 9 e

for by the .reduction in the “number df ‘eeiSnic.

l—l'

o’statlons in Afrlca- and two, of the fei’ oﬁservations

avallable,' all indicate a 51gn1f1cant dqlay in the~

-

L4

-
N

EPEE ST g

| Accordinéfto Sorrells! nodel, the anda 'SOurée
effect uouln be negllglble for the Sunda-quian Ocean
‘ray path. In the direction parallel to thq strike of
the subduction =zone, re51duals ' due Qo' source

structure are nearly ‘zero. The fact that only tuo

. selsmlc statlons provrded all the observamlons for

.‘4

the Sunda-Indian Ocean path means that‘thq structure

under the stations may be important. Theé argument

-

that a wide distribution of a large nnnberfof selsnlc

statlons uould ellmlnate any coherenﬁ, rece;ver
ﬂ,
effects is no longer appllcable. ‘;(j'ﬁl
’ i ’ . {.' .. I
The fumber of stations for the PhiFippine-Indian

. . o i
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Ocean path increases t6 eight andkuguin the residuals
eshou large delay in the onserved .travel times. If
structures under the stations are responsxble for the
anomalies, then such strucfure lxst extend throughout‘
a large area of the African continent sxnce the eight
African statiens are“lecared‘overta iideyregiOn'(see

figure 4-8).

- o It is unlikely tnet any.lerustal structure can
| account for the 'large delay of about 4 Sec.-0ver a
linear dilensien of 200‘ kn say, such delay would
require a veloeity contrast in the order of 10% vhich

is npot likely over such-a vide region of the African

continent.

A rossible'expianation for the large .delay‘ in
. the . travel tile'pf P vaves and the reduced number of
observatiens isithe'existence of an absorptive 1low
2 velocity region in rhe vicinity'of the lover mantle
' ?,:a under the Indian Ocean vhere the rays reach tneir
eeepestsvpetnt ‘of penetrat:en. This low !elocity
‘region;yqnldkcoincide with the large geoid ‘low just
sourh ef. india.'uhich has been suggested by'Gough
(1977). as the location of a QIObai nconvecrion
upcurrent. Gdngn's‘ -suggest}on is ’nased\ on the
asynietric shape of the geoid and the.higu northvard
- .relative velocity -ef hthe”“Indiun plate. Such 1§n
.anpnalousvregion would tend both to attenuate and
slow down the propagation of¥seislic\ene:gy.' |

&

PR 4 5
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4
This gcorrelation betwveen a low velocity region

and a negative gravity anomaly in the lower amantle is
not consistent;viﬁh the results of Dzievonski et  al

(1977). In the Julian-Sengupta study, there are no

observations available for this region of the lower
mantle. However, ¢the small number of observations

presented here makes such a comparison inconclusive.

6. Conclusion

‘In "this study, the data frdn the ' Internationmal
.sgisnolbgical_ Centré Builetin Qere Qsed-/to ifd-ine foﬁr
region; of the lover lantle; The ‘only evidence of lowver
l;ntle inhonogeneities vas found in the Indiaﬂ Ocean region

'_ahd thé Himalaya region. The interpretation of the results
is ﬂot unique and conparigbnsxuith other studigs are ngtﬁ\
conclnsive.'ﬁouever,,the International Seisnologicil ACeﬁtre
Bulletin appeéré ﬁo be a goodssburce of inforlétion for the
initﬁil\;tg@y of ngar;iculgr region. With the aid of the
conpuféé 'Prograi; such a'prelilinary'study céh‘be done with

a reasdngblé expenditure of time and manpower.
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Figure 4~] : Model Bl (Jordan and Anderson, 1974) for P
wave velocity of the mantle.- This velocity model was
inverted from free oscillatlon data and differential |

travel time data.
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Figure 4-2 : This map shows the confiquration of
earthquakes ( X ) from the Philippine sources and
receivinq stations ( @ ). The midpoints.of the P rays
( + ) are located under the Kamchatka reqion.

'/
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Figure 4-3 : Travel time residuals for the Philipp
Kamchatka ray path. The curve is a least-square fit
cubic polynomial through the data points and the error

bars are twice the standard deviation (1.1 sec.).

- are 598 data points.
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'Fic}ure ‘4'-4 N Pﬁilippine- ﬁonqolia ray ;Sath..
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. MONGOLIH |
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Figure /4-5 : Travel time residuals -for the Philipplne—
Mongoldia ray path. There are 769 901nts with standard _
_deviation of 1.4 sec. ' . '




/Emhilippine-ﬂimalaya ray path.
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Figure 4-7 ‘:[_Travel-tihe residpais for the Philippine-
Himalaya ray path. There are 212 points with standard
deviation of 1.5 sec. o .
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~ Figure 4-8

Philippine~Indian Ocean ray path, .

\ -t



- INDIAN OCEAN o
JORDAN ANDERSON MODEL
ndll U -

26

.- TRAVEL TIME RESIDUAL (0-C) (SEC.)
;) - - o f - : ‘
& & |

66 - 70 8 80 - 100 110
"  DELTA (DEG.) "~

" Figure 4-9 : Travel time residuals for the Philippine-
Indian Ocean ray path. There are 46 points with standard
deviation of 1.6 sec. o ' . .
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Figure 4-10

}Sunda;Monqolia ray’éath.'
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Pigqure 4-11

'Mongolia ray path.
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