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ABSTRACT

’

Paleomagnetic observations, oceanic radhetic lineations:

Y

and the present continent&l margins are combined in én

interactive combuter program to- generate maps for ceven
periods in the Phanerozoic Era . On an azimuthal-equidistant
map projection with «c¢rigin on the centroid of the
continental iithosphere the boundaries are seen.to display a
high degree of symmetry and order. By using geological
evidence an attempf ic made to model a reconstruction of
major plate boundaries in tﬁe past. During fhe Cambrian and
Ordévician periods‘the continéntal segments were as widely
dispersed as at the present and formed é ring of plates 6n
-the p;leo-equétor but with North Africa -and Souih America

contiguous and close to the south po;e. In these, as in -

other pefiods,4 there 1is - symmetry about +the spin axis.

Exteﬂsive plate motion oécurred ét about the tige of the
Caledonian Orqgeny when the <continental segments evolved
toward the formation‘of a singie large grbup called Pangaea
by Wegener . This evolution occupied much of. the upper
Paleozoic and | Mesozoic Eras. Toward the end of the
Cretaceous period a more dispersed form began to develop

yielding the present pattern of two antipodal quasi-circular

plates separated by a ring of wmore .irredular quasi-

iv
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elliptical plates. The results suggest the presence of a
slowly evolt ng mantle-wide convection system which 1is
symmetrié about the earth's spin axis. |

1t ﬁantle—uide convection is dcguring at the ©present
time then evidence for this should be present in the form of
seismic velocity heterogeneities. Seismie observations from
many sources have been examined in an attempt to find ‘such
effects. The use of differenéial core reflecfed travel time

residuals is shown to be of value in such studies

used, héré. The technique 1is extended also
diffefentiél values of slowness and azimuth fesiduals of
core reflected phases. The world wide resultsvfrom this
study clearly indicates tgg\\\presence of lateral
inho eneities throughout_the‘maﬁtle.\ﬁ\detailed study was
- posshple for rays passing underneath the Caribbean and the

Southeast Pacific. Under the eastern part of the Caribbean

the upper and middle mantle is dominated by a high  velocity

~+ zome which changes latéfaliy_intg‘a low velocity zone under

Central America. Chere is evidence. for anomalous regions
'éxtending well below the Benioff zones near Fiji and the New
Hebrides Islands. This may be ‘interpreted in terms of

subduction'continuing into the lover mantle.

~

~ In the process of obtaining the b?ft possible slowness

and azimuth values, a new method, nasing only the available

erray data, was developed to. determine the dip and the



strike cf the Mohorovicic discontinuity under the array. The
| ‘

'methbd employs the coherencies of body waves in the P coda

frem both the vertical and horizontal detectors to obtain

the slowness and azimuth ¢f the direct anq converted wave at

the Mohorovicic discontinuity.

A
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CHAPTER 1

PLATE TFCTONICS IN THE PHANEROZOIC

INTRODUCTION

Plate tectonic models of oceanic lithosphere for the
jcvtiafy and Cretaceous periods have been made for the
Atlantic ( Pitman and Talwani ,1972), Pacific (' Herron,
1972; Larson and Pitman, 1972; Atwater and Molnar, 1973§
Moinar et al, 1975, Cooper et al, 1976), Indian { Fisher et
al, 1971; McKenzie and Sclater, 1971), and Arctic ( Lambert,
1974 ) oceanic areas. These reconstructions using magnetic
lineations cannot be continued beyond the Cretaceous' -
Jurassic boundary because of the youthfulness of oceanic
basins énd their destruction by subduction. Any further
‘atteﬁpts at modelling in the Mesozoic and Paleozoic eras
must rely on data from continental crust. However, purely
‘geological evidence - does not, in general, permit a uniqu;
sélution.'Some of the ambiguit: »uld be reduced if it uére
possible to establish the prope-ties of the plates as a
function of time and to deterri-2 t = global dynamic system,
,oféen referred to as the driving ‘chanism. A few properties
and‘principles which méy ke 6f value in reconstructing a
plate tecﬁonic modei. at any time in the past have been

pointed out by Kanasewich (1976) and these will be tested



and explorgg_using raleomagnetic evidence.

\ A \series of azimuthai-equidistant map .érojections,
centéredVOn'eacb of the plates of lithosphere were used by
Kanaseﬁich (1976;\ to Qemonstrate'a high degree of_ordérihg
and symmetry in tﬁg maj&& platqs at the.present time. HMajor

plates cover 9 to 2C ¢% of the earth's surface and are

clearly differentiated in size and shape from.mini-platgé or

"

" splinters which cover areas of 3 % or less ( Nasca' - Z3%:

Phillipines - 1.6,‘%; Araﬁia - 1%; Cocos - 0.6 %). The

lithosphere was shown to be highly organized with two

.antipodal quasi-circular plates ( African and Pacific ). 120

degrees’in diameter, separated by a ring of quasi-elliptical
plates ( Fig. 1.1 ). The semi-major and semi-minor axes are
defined by triple junctions. The normal Mercator projection
distorts the pattern in high latitudes but  if the
continental outlines are rotated so that the great circle
path through the north and south poles and the center of the
ring plates becomes the equator in an Eckert projection, the
distortion becomes minimal (  Fig. 1.2n ) The Eckert ¢

Ortelius ) projection has equal spacing of parallels and
. - S

.ispiays the +the entire earth with an approximation to an

equal-area projection. The quasi-elliptical plates have

their major axes all aligned at about the same angle to the

."pseudo-equator". The symmetry inherent in the present

pattern and the large dimensions of the major plates (120

degrees as a diameter or semi-major axis) is strong evidence



Figure 1.1 . Azimuthal equidistant projections centered _
on the African plate and its antipodes in the Pacific plate
for the present time (0 my). Note that both quasi-circular
plates have a radius of 60 ‘degrees. A ring of gquasi-
elliptical plates lies at a distance of 90 degrees from the
center of the African and Pacific plates.

AFRICAN

- PACIFIC _ PLATE

180°



Figure 1.2 . The ring of quasi-elliptical plates at the
present time displayed on an Eckert projection. The great
circle path (at 90 degrees in rigure 1.1) passing through
the N and S poles and the center of the ring plates was
rotated to form a pseudo-equator in this projection. The
orientation of the quasi-ellifptical plates is defined by the
dashed 1lines , from an African triple junction to a Pacific
triple junction. Shallow earthquakes are shown as crosses.
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i %
against. dynamic systems which produce random plate
distributions. The present evidence suggests that the
physical prdberties of the earth may be described in terms
of spherical ﬂarmonics_uith dominant terms of order three.

In rééonstructing a piate téctonic model for any period
some rules or  principles should be established. Some of
these are absolute and result from-réstrictions impéged by
the geometry ofjﬁiate motions on a spherical surface. Others
are 1in the n&fure of postulafég made from observations,
particularlf’over the sea flgpr, at the present time and may

¢

not be uhiversally appliéable throughout the earth's

history. For instance, i{Aié assumed that £he plates remain
rigid when they interact even though it is' known fhat
considerable deformation' océurs, particularly ‘when two
continental plates collide as along the Alpine and Himalayan
mountéin chains. These continental interactions, and others
like the transcurrent motion alongﬂthe San Andreas or Great
Glen fault systems involve minor amounts of crust and are
assumed to be second .order effedts.when consid%ring the
global results of continental @rift. The following
principles will be observed as ,élosely as ‘possible in

‘obtaining the models for each peri&d.

1. The major tectonic features of the” earth
may be described byvthe interaction of six to nine

uncoupled rigid plates of 1lithosphere with



dimensions 60 to 120 degrees ( Elsasser, 1969; Le

a

Pichon, 1968; Kanasewich, 1976).

2. The plates are created and destroyed along
ridges and trenches respectively ( Vine and
Matthews, 1963; Hess, 1962; Oliver and Isacks,

1967; Isacks ét al, 1968). ,

3. Transform faults conserve lithosphere and
afe lines of slip between two plates. They lie on
small circles centered on the pole of‘relative
mo*ion between tﬁo plates ( Wilson, 1965; McKenzie

and Parker, 1967).

4. The poles of*-rotétion between pairs of
plates 1is relatively stable for long periods of

timz ( Morgan, 1968; McKenzie and Parker, 1967).“

5. 4n absolute reference frame for plate
kinematics is defined, to a gcod approximation, by
minimizing th2 translational motion of plate

boundaries. The velocity of rlates is inversely

proportional to Tz imount of continentai\_
lithosphere they conuai Tely oceanic platés
move about 5 times = in purely continetal
plates which, at the pr .- 1@ move a“* about

1.5 cm./yéar. { Minster - 974; i-ula ,



1975) .

6. The continental lithosphere extends to the
500 fathom contour élong coast lines ( Bullard et

al, 1965).

7. Continental «crust, by virtue of its
buoyancy is not destroy:}\ in any wsignificant

amount along: plate margins (_Mckenzie; 1969) .

8. A eugeosyncline is direct evidence for a
trench and a subduction zone. Miogeosynclines and
zones of diastrophism are secondary lines of

evidence for the near-by presence of a subduction

.

zone Dewey and Bird, 1970). ‘

9. The continuing presence of a seavay or an
ocean throughout more than one geological period
is taken as direct evidence for the occurrence of
sea floor spreading and the presence of a ridge

systen.

10. The gecmagnetic field hasvalvays béen
dominated by a dipcie component aﬁd, wvhen averaged
over the order of 106 years, ‘the axis of the
dipole coincides with the rotation axis of the.

earth ( Torreson et al, 1949; McElhinny and



Merrill, 1975; Evans, 197¢).

BASIC DATA AND PLATE TECTONIC MODELS

various reconstructions of the continents have been
\\\\mﬁde previously using Euler's theorem which states that any
line on the surface of a sphere may be moved to another
position and orientation by a single rotation about an axis
passing through the center of the sphere. Notable exgmples
are by Bullard et al (1965) and Smith_;ﬁd Hallam (1970) who
used the fit of the continental margigs to obtain a Triassic
model. = Smith et al (1973) made extensive use of
paleomagnetic data to model continental positions during
several periods. We are able to draw upon much new
paleomagnetic data apd .also the dating of magnetic
lineations on the. sea floor in obtaining new computer.
assisted reconstructions of the continental margins for
seven periods. The  paleomagnetic data used 1is that
summarized by Irving (1960a,b, 1961, 1?62a,b, 1965), Irving
and  Stott (1963) and McElhinny (1968a,b, 1969, 1970,
1972a,b) and summarized by McElhinny (1973). In addition, we
used a computer file, referred to here as the Ottawa list,
compiled wunder the direction of E. TIrving at the Earth
Physicé Btanch, Department of Energy, Mines - and Resouices,

Ottawa . Data were also obtained from a recent compilation

,by



some case very

McElhinny and cowley (1977y. Finally , in
recently reported data were taken directly fronm

publications involved.

‘All of the palecmaghetib data actually used  is
tatulated and commented upon when discussing-the'appropiiate
continental reconstruction. A standard format is employed
for tabuiating the data wused in each ~of the séven
reconstructigns ( Tables 1 and 3, Appendix 1 ). Por each
continental segment Tabie 1 gives the number of poles
available, their dge range, the latitude and longitude of
their mean, and the associated statiStical bparameters K and
A 95( Fisher |, 1953). This latter parameter is the semi-
angle of the coue within which the @mean lies with 95%
confidence. The precision parameter K is analagqus to the
~invariance' of a Gaussian distribution and thus increases as
the poles are nmore tightly grouped. It is given bf
K = (¢ N - 1)( N - R ), where N is.the number of poles
involved (treated as unit vectors) and R is thdir vector
resultant. As a rough guide values of K greater than 2C.can

be regarded as indicating "good"® grouping.‘

The number of Separate continental segments for which
data is é}g}lable‘ ranges frcm 8 for the. Devonian and
Ordovician to 13 for the Tertiar: ltiv the Triaﬁsic .  The
number .of poles involved ranges from 35 ( cambrian ) to Yyu

Carboniferous ) with an overall total of 436. The magnetic
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Iineations were detenmined by digital sampling of maps
produced by Pitman et al (1974) . Data on zones of
glacia*ion, pale?ntology, and lithology vere ueed to
€stablish that polar and equatoriallregions for each period
agreed with the geological interpretation. ,

: \ ) . e

\\ . ' -

An interactive computer program,was deieloped to rotate
the continental segments "about any pole of rotation. The
. paleoﬁagnetic results were deed initially to position each
continental segmeqt/?ﬁ the appropriate latitude and in the
correct orientation _so that all averages of measured poles
were exactly on the south pole. It was found to be nmost
convenlent ., at this stage, to 1n1tiate an interactlve
routine which mOdlflGd the Fositions to ellminate overlap of
contlnental margins while monitoring the results on'Aa
display device. For the Tertiary and Cretaceous periods the
magnetic 1lineations were- used to establish relative
longitude. Por ail periods the absolute longitude was
obtained from an application of the fif+h ‘principle {see
above).

The Sum  of the square of the velocities of equal

area portions of all continental blocks was

minimized in a least squares sense to deternmine

longitude. When the relative longitude could not

be obtained from magnetic lineations , the iargest

contiguous 'continental group was given priority

since present evidence indicates that purely



continental plates have thellovest velocity. The
veloéity was determined along a small circle,
centered on the pole of relative motion from one
périod to the next. , | R
This procedure was applied, in order of area, to the
remaining group of continental seghﬁzts. The solution is ﬁo{
unique but is the most conservative estimate and is valuable-
in giving a quantitative estimate of the minimum velocity

vhich satisfies the paleomégnetic observations.

The models for each period have been generated by a
digital ccmputer and a Calcomp plotter on a Mercator
projection because‘of its familiarity. More specifically the
projection is a Miller modified Mercatcr one in which the
map ordinatebis Yy = c 1ln *an ;uS + 0.4 lat) where lat is the
latitude in degrees and c is a’' scaling constant., This
modification allows one to depict the earth from pole to
pole. For purposes of . interpretation an azimuthal-
equidistant proje#;ion-with the.origin-approximapely on éhe
centroid of the continental masses  is more useful. This
projection has fﬁe property that great circle paths‘f:om the
origin to any point on the sphere transform into straight
lines from the center of the 'projection. Regions at
epicentral distances less thén 90 degrees have minimal
distortion. At greater distances the azimuthal distértion
becomes serious, reaching a maximum at 180 degfees, where g

point on the opposite side of the earth from the origin is
Al

12



trandformed into the’bounding circumference. The distorted

portio is, of course , conveniently placed on. the ocean

dominated portion of the earth,

Tertiary Period - Anomaly 13 - 38 nY

Magnetic lineations for aﬁonaly 13- ( Ppitman et al,
'1974) were matched 'to give the relatsi.e positions of the
continental blocké for the Oligocené - Eocéne boundary 38 my
ago ( Heirtzler e* al, 1968; Anonymous , 1964) ( Fig. 1.3 ).
Paleomagnetic observations wvere not used to determine any of
the relative rotations but the mean pole position ( for all
observations listed in Table 1 of the Appendix 1 and shown
on the diagrams ) was used to obtain the ébsolute position
of tue spin axis in the Tertia%y. The absolute longitude for
.all continents was obtained sipultaneously by minimizing the
veiocity of 3 by 3 degree equal area continental segments
between the time of anomaly 13 and the present. This simple
procedure~'gives a solutibn uhich'compareé very ¢ell with

reconstructicns of the east central Indian Ocean by Sclater

i‘/

and Fisher (1974); the North Pacific by Atwater (1970) and

Atwater and Molnar (1973) ; the North Atlantic by Pitman and

Talwani (1972 ). Note that the position of négnetic anomaly

13 off the ccast of North Aperica relies heavily on the

superposition of . a very short segment east of Cape Horn in

.

South America.

13



Pigure 1.3 , The position of the continents at the time
.of magnetic anomaly 13 ( Eocene - Oligocene boundary ) on an
azimuthal equidistant fprojection and a Miller -modified.
Mercqtor projection. ~Anrows indicate the trajectory of the
plat between 38 my ago and the present on a minimum
velocity assumption. The velocity vectors are placed at
points where the continents have a minimum and a maximum
plate velocity. Mean paleomagnetic poles and their 95%
confidence circles are chown. N and S indicate the north and

south poles. ,
\ - . @]
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Pigure 1.4 . Tertiary geology and postulated plate
boundaries on an azimuthal equidistant projection. The shape
of the Pacific plate may be studied in the lower
wvhich is antipodal to the map above. The symbol V indicates

zones of Tertiary volcanisa,
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The paleohaqnetic data used is summarized in Taﬁles 1
and 2 of the Appendix 1. A taotal of 66 poles from 13
continental segments is involved. For the most part , these
data are summarized by McElhinny (1973), with deated
results for India from Wensink (1975), arnd data for éiberia
from the Ottawa list. In this latter case only: the most
reliable resulits, that is those awarded two starsygy‘ Irving
et al, have been considéred. The poles from within aﬂy given
continental segment are generally well grouped, with values
of Fisher's pfecision parameter ( K ) ranging from 26 to 84
. Fxact ages cannot be associated with all the poles in
question and inevitably _the paleomaynetic sampling
représents a much broader time interval-thén that associated
with ‘thé production = of anomaly 13 . Forty-three of the 52
polés lie in the inter;al Paleocene to Oligocene (65 - 23 my
); but the overall range is from upper Cretaceous. to

Pleistocene ( see Tables 1 and 2 of +he Appendix 1 for

details).

Because the measured pole positions were not used in
determining - the relative position of the continental
segments the paleomagnetic results are an independent

verification .of principle 10 <for the Tertiary period.

Fisher's precision parameter, K , may be used to quantify
the agreement'.\w If the continents are restrained to their
present day geographic locations, the K value is 21 . The

precision parameter increases to 30 if the continents are



placed on the pcstions indicated by the magnetic anomalies
on the sea floor. Despite the disparit> in éges of the
samples involved, the - increase in precision passés the
stanaatd test for the ratio of the the two K.values

¢ McElhinny , 1964) at the 80% significance level.

~Eocene and Oligocene global geology 1is summarized in
figure 1.4 which shows the mid- Tertiary 'earth onAan
azimuthal-equidistant projection centered on the mean of the
continental segments and also centered on Athe‘opposite side
in the Pacific Ocean . The summary maps and world-wide
correlqtion charts of rock formations by Kummel (1970) were
the primary source of information but many other maps were
consulted ;hroughbut this study. The iid—oéeanic ridges were
obtained from the position of anomaly 13, 38 my ago. The
position of the subduction zones was 1inferred from the
geologic evidence. Episodes of volcanism ih western South
America occurred in the Hiocepe and Pliocene  Harrington,
1962) and it is possible tha+ the Phoenix ( Larson and cChase
»+1972) and South American plates uére not separated by a
subductién Zone prior to the late Eocene. 1In post- Eocene
times this plate separafed into the slow moving, dominantly
continental, South American plate and the fast moving,
predominantly 6ceani¢ Nascan pla;e. The present remnants of
the Farallon plate { McKenzie and Mo;gan r 1969 ) are ’the
Cocos and Juan de Fuca plates. The parﬁs of continents

having the maximum and minimum velocities for their small

18



circle paths tetween the Tertiary and the bresent time are
shown on the figures. ' It must be emphasized that the

velocities nd paths are not uniygue and represent minimum
estimates.

It was noted in figure 1.1that the, African and Pacific
quasi—circﬁlar" plates are symmetrically located with
respecf to  the geographic pole at the present time. This
same symmetry of the African and Pacific plates fis evident
in the Tertiary period. The equator passes close to the
center of.these two piates and also the center, C . of _the
entire continental lithosphere. The diameters’of thg African
and Pacific plates are 100 and 120 degrees respectively. The
group of "ring"™ plates consis+*s of (1) South Amefica and

Phoenix , (2) Antarctica , (3) Australia , (4) India , (5)

Eurasia. , and (6) North America . The maximum velocity of
the continental plates, under the assumption that
simultaneous: minimization .f all segments yields absolute

longitude, varies from 8.6 tb 0.4 cm/yr ( Table 1, Appendix
1 , and Figure 1.3 ). fhevIndian plate moves nofthward with
a velocity of 5.9 to 8.6 cm/yr while the next most rapid
plate is the Australian Qith a nortgward velocity of 4.5 to
6.6 cm/yr. This is in accord with present day observations
that plates with a high ratio of oceanic to continental
crust mo;e most rapidly. 'since Antarctica is almost

surrounded by spreading centers it's mRovement is

geometrically restricted to between 0.5 and 1.6 cm/Yr.

19



Associated wifh the "ring" plates are minor segnénts in the
Mediterranean and the Caribbean seas and the Kula and Juan
de Fuca plates. These fragmenfs are of great interest to
;pudies of local geology but are unlikely to be a
significant part of the toundary conditions vhich,determine
the dynamics of the glotal systeama. 1In summary the plate
tectonic pattern in the Tertiary period was similar to what

s

is seen at the present tinme.
Cretaceous Period - Anomaly M1.- 110 Mf

. Paleomagnetic observations were used to make a
preliminary model of the cpntinental arrangement at the base
of the upper Cretaceous , 110 my ago. Abminor separation of
South America and Africa 1is néceééary to satisfy the

available magnetic lineations for anomaly Ml. The solution

in figure 1.5 is very similar to that of Smith et al (1974)..

The position of the magnetic. lineations in " the Pacific
relati?e to the North and South American continents were
taken from figure 1.7 of larson and Pitman (1972). Their
model wused Dboth %eomagnetic poles and the position of
R ’ R
anomaly M1 rfrom Larson and Chase (1972) to obtain a
convincing demonstration for the existence of two stable
triple junctions which separated the Pacific, Kula, Farallon
and Phoenix plates. New Zealand, the Auckland Plateau and
New Caledonia have been'rotated toward Antarctiéa and south-

east Australia in accordance with the magnetic lineations

20



Fiqgure 1.5 . Model of the continents for the Cretaceous
period at the time of magnetic anomaly M1 . The longitude is
not absolutely determined but was obtained by a least
squares minimization of continental velocities between the
Cretaceous and Tertiary periods. The upper figure shows that
the Laurasian poles form a separate group from the Gondwana
poles.
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' Figure 1.6 . Cretaceous geology and postulated plate
boundaries on an azimuthal equidistant projection. The
double set of triple junctions in the Pacific is shown with
minimal distortion in the lower diagranm.
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which show the area starting to separate at the base of

anomaly 32, 76 my ago. The Kolyma block has been detached

from Siberia along the Chersky foldbelt following the

geological evidence Lepdrted by Churkin, (1969,1972)'

although the paieomagnetic evidence is ambiguous for this
period. The preservation of magnetic lineations M1 to M13
-(about 110 to 130 my ago) in the Bering Sea basin ( Cooper
et al, 1976) is strdng evidence that’Alaska and the Kolyma

Ry

block have remained a single block throughouf this «critical

period.
¢

/

Fifty-six paleomagnetic poles from 12 separate
continental blockéiwere-used and K values vary from 15 to
114 (table 1, Appendix 1). Fifty-twb of these poles are
Cretaceous in age, 3 are listed as Lower Cretaceous to Upper
Jurassic and 1-has a qucted age range of Upper Jurassic to
Paleocene . Most 6f the data is summarized by McElhinhy
(1973) with additions from lists XITII and .XIV . Newly
reported poles permit tighter temporal constraints to be
placed on the African data, and the Aﬁstralian data is ‘that

reported by Schmidt (1976) .

Fisher's precision parameter increases from 7, for no
continental drift Eetween the present and the Cretaceous ,
to. 21 for the model shown in figure 1.5. fhis increaée is
significant at the three standard deviation (99%) level. The

distribution is not as concentrated as in the Tertiary and ,
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in fact, the poles for the northern group of continents ¢

Laurasia ) are Clearly separated from the poles of the

“southern group ( Gondwanaland ) . Any attemp+ to superimpose

the -two sets of pole positions leads to substantial overlap
of Africa and Eurasia . This pattern of pole clustering will
be found to be present throughout the Mesozoic and Upper

Paleozoic Eras. Its existence in the Permo - ‘Triassic was

Teported by Briden et al (15‘0) - It can be accounted for by

the presence of a small non-axial multipole component in the

earth's magnetic fielg in addition to the dominant axial

dipole component.

on an azimuthal-equidistant Frojection the continental
lithosphere for the Crefaceous period displays a . most
remarkable symmetry. All the continental Segments are within
90 degrees of thelr centroid which lies on the paleo-~
equator. The Tethyan sea lies opposite the opening in'the

North Atlantic Ocean forming the North American and Canary

basins. Eugeosynclines form a rim nearly all the way around.

‘the block of continental lithosphere in figure 1.6 . It is
apparent that the four CCeanic plates ( Farallon, Phoenix,
Kula and Pacific ) generated from the twin sets of ridge-
type triple junctions Froduced active subduction zones
around Pangaea - The spreading center which had created the
Tethys sea was weak and beginning to change character
towards the end of the Mesozoic Era « The geometric

arrangement of the spreéding centers and the symmetry of
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the continental lithosphere is considerqbly"differént érom
that of the Tertiary and the present time. The velocity
vectors showing continental velocity aiong smallf circle
paths ape dominantly outward from the African pléte. The
velocity of all continenkalv segments are very  uniform;
excluding Africa ~+» the minimum and ‘maximum velocities vary

from 2 to 5 cm/yr ( Table 1, Appendix 1 ). A spreading

center between South America and ifrica is starting to

separate these twvo continents. Although nmore subdivisions

are€e beginning tc be apparent, there are basically only three
large continental plates, Gondwanaland » North America and

Eurasia opposite the four large oceanic plates.
Triassic Period - 190 MY

As a stahdard for comparison the well-known
reconstructions by Bullard et al (1965) and Smith and Hallam
{1970) wére used without modification to produce the
Supercontinent of Pangaea ( Wegener, 1929). Their solution
minimizes the mean Square misfit of fhe longitudé, relative
to the pole cf rotation, of the continental‘margin; The mean
position of the South pole was obtained from paleomagnetic
data as shown in figure 1.7 and in Table 1 of the Appendix 1
- The nmean age of these data is 190 ay on the Jurassic -

Triassic boundary. The pole for Kolyma diverges widely fronm

the mean and was not included. This problem will be

discussed later. A total of 90 paleomagnetic poles from 13
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. Figure 1.7 . Model of the continents according to
Bullard et al (1965) and Smith and Hallam (1970) on an
azimythal equidistant projection. The velocities in cm/yr
are -~ based on a least squares minimum velocity assumption
,between the Triassic and Cretaceous . The separate group of

~Laurasian and Gondwana poles are indicated. The Kolyma pole

-misfits as badly if Kolyma is included with North America or

Burasia .
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continental segments 1is available and Fisher's precision

parameters range from 31 to 111. For the northern continents

-

the data are-essentially that described by McElhinny (1973)
but for Gondwanaland the recent summary by Schmidt (1976)
~has been used. In the former case only Triassic data are

involved, but Lchmidt includes some Jurassic pole; in his

compilation, Omitting Kolyma, Pisher's precision parameter
increases from 4 for no continental drift .between the

”
present and the Triassic to 28 for the model shown in figure

Q
1) 7-

The reconstruction (cf Bullarq and others has been
criticized becauée it conflicts with geological evidence in
the overlapped poftion gf central America ( McBirney and
Bass, 1969; King, 1970; 1ladd, 197e). Follouing ‘the
principles established in the introduction the interactive
computer program allows one to arrive at a solution which
does not overlap portions of Central America which have
outcrops ~ of Triasgic or older rocks. The alternate Triassic
quel is shown in Eigure 1.8. Fisher's precision parameter
increases from 4 for the case of no‘coﬁtidéntal drift to
only 21 fof this model but the increase is Still significant
at the 99.9% level . A better fit of the palébnadzétic data
can only be constructea by overlapping ;ontinents as was
done in figure 1.7. Our solution is preferred to the one by

Bullard et gl (1965) not only because there are no

objectionable overlapping portions 1t because " our
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Figure 1.8 . oOur model of continents for the
Triassic period. The Kolyma pole (w ) has a good fit if
Kolyma and possibly Alaska are at the same latitude as Japan
(shown dotted). W is the position of the Kolyma pole for the
dashed outline. Note that Central America does not overlap
South America as in figure 1.7.
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Figure 1.9 . fTriassic geology and postulated plate
boundaries on an azimuthal equidistant projection. The
triple Jjunction in the Pacific 1is hypothetical “ut
reasonable _on the basis of eugeosynclinal deposits v

interpreted\ﬁs\due;to subduction zones, around the periphery
of the Pacific bewan .
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recdnstructions for the Paleozoic Era ;ndicate that Pangaea
did not continue to exist but consisted of two or more
continents that moved independenfly. There are two main
changes over the previous solution. (1) North America and
Furasia have been shifted away from Africa to eliminate any
overlap of Central America with :recambrian and Paleozoic
outcrops. (2) Kolyma and .Alaska have'been detached from
North America and rotated into a positibn in accord with the
Triassic paleomagnetic data. This second alternative is the
more uncertain. ~Not only is 1t difficult to know where
Alaska and British Columlkia should be separated <from North
America but also the 1longitude cannot be be determined
unambiguouély. The geological evidence -“is also ambiguous.
Kolyma and Alaska will ke kept together with North America
in producing models for mcre ancient periods because the
modificatiohs, if required‘, are easily visualized. Two of
the possibilities for the Kolyma group are dotted in figure
1.8, The absolute longitude for Pangaea was obtained using
the least square solution for velocity between 190 and 110
my years ago. The paths of finite rotation along small
circles were similarly ) obtained non-unique minimua

estimates.  Fron the =sparse data on M  type magnetic

lineations it is unlikely that there is a large longitudinal

shift so the velocities given are probably 'close to their
true value. It is seen that the large continent of Gondwana
has a velocity less than 1 cm/yr between the Triassic and

the Cretaceous periods. On the other hand, parts of Laurasia
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have velocities of 2 tc 5 cm/yr in the form of a rotation
wvhich opens up the Atlantic Ocean and closes the Tethys Sea
. As in the Cretaceous period, the pole positions form two
distinct populations and any attempt at superimposing them

leads to a greater degree cf continental overlap.

Geological information has been included on the new.

Triassic model in figure 1.9 and an attempt 1is made to
sketch in the ridges and subduction zones. The continental
grouping is not as symmetric as in the Cretaceous period but
the same rasic pattern is evident. The equator is close to
the centroid of the twc continental plates of Laurasia and
Gondwana . Plates dominated by oceanic li£hosphere are Kula,
- Farallon, Pacific and Tethys . The tectonic activity does
not seem to demand more than 6 or 7 large plates. At least
one ridge-type triple junction is reéuired in the Pacific
and one section of the ridge follows aﬁ equatorial path to
produce the Tethys Sea . If the Pacific ridge-type triple
jﬁnction is stabie then the subduction zones that result on
the periphery of the continental margins may effectively
keep Pangaea as a stakle entity for several geological

periods.
Permo - Carboniferous Period - 280 MY

Ninety-four poles are available but these represent

only 10 continental fragments. With the exception of India

“
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the K values lie between 25 and 178, and all but one of the
poles are Carboniferous or Permian (see Table 1, Appendix 1
). The data is as summarized by HcElAinny 1973y, excepf for
South America ( Thompson , 1972), Australia ( McElhinny and
Embleton , 1974y, and India ( Wensink 1975). In this last
- case 5 poles are listed and they are poorly grouped | 5K =
9) . Rather than attempt any mcré or‘less arbitrary_rejeation
of data we have chosen to simply average the poles apd'let

the large error circle reflect the lack of precision for

India during this time interval.

The arrangement‘of Nerth America and Europe relative to
Africa and South America must be different from that in the
Triassic . Conseguently it wmust be assumed that  the
"optimum" fit achieved by Bullard et al (1965) and sSmith and
Hallam (1970) , in so far as it ever existed! was a
transitory phenomenon. As in the Triassic , & limiting case
for the absolute longityde was obtained by using a least
séuares solutior on .Pangaea as a whole for a @minimunm
velocity between 280 and 190 miilion years ago. Much of the
velocity is taken up by a general northward drift of Pangaea
and is under 4 cm/yr for ail continents. The Tethys sea was

consistently wider as  we proceed to earlier periods. The

south pole is centered on the well-known - zone of glacial

deposits and erosional _features of eastern South America,
southern Africa, Antarctica, India and Australia . As in.the

Mesozoic Era the pole positions for Gondwana and Laurasia
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Figure 1.10 , Model of the continents at the Permo
Carboniferous boundary. The Laurasian and Gon@vana poles
two separate groups. The velocity vectors in cm/yr are

form :
minimum: estimates from the Permo - Carboniferous to the
Triassic/ periods.
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Figure 1.11 ., An alterﬁéte'computer model for the Permo

South America . Based solely on paleomagnetic data this
model is egqgually probable in the Mesozoic Era but is less

probable in the Devonian and older periods.
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Figure 1.12 . pPermo - carboniferous geology ' and
postulated plate boundaries .on an azimuthal equidistant
projection, The locations of glacial indicators are denoted
by G .
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form two distinct populations in the upper Paleozoic and
they cannot be superimposed without a large amount of
continental overlap ( Fig. 1.10 ) . Fisher's precision
parameter, ( K ), increases from 3 for no continental drift
between the present and the Permo - Carboniferous ta i?,for
the model shown in figures 1.13 and 1.14. T§is: is

significant at the 99.9% confidence level.

In the .course of computerized modelling an alternate
fit of Antarctica and South América against Africa was
arrived at ( Fig. 1;11 fisher's precision parameter
increases from 3 for nc cop¥inental drift ;etween the
present and the Permo - Carboniferous to 19 for this model.
A similar reconstruction of Gondwanaland has been proposed
by Ba?ron et al, (1977) and it has a precision_parameter;of
16 ( Table 2, Appendix 1 ). However their mnodel places
Madagascar east of Mozambique and there is an oceanf% gap
between Africa and India . The basic reconstructlon of South
America, Antarctlca and Africa in figure 1. 11 was applied to
paleomagnetic data from the Cretaceous to the Cambrian
periods. The results are summarized in Table 2, Appendix 1 .
In general one cannot favor the tfaditional Bullard or the
alternate one because both arel equally probable in a
statistical test for the Mesozoic Era. However, for thé
major part of the Paleozoic Era the more traditional

solutions we offer are significantly better at the 60 to 90%

confidence level,
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Global geological data is superimposed in fiqure 1.12
together with postulated subduction zones and ridgeé. The
pattern is similar to that in the Triassic although the
symmetry of the «continental blocks is distorted by the
widening of the Tethyan seaway. Continental collision is the
dominant form of interaction and is assumed to be the cause
of the final phases of the Appalachian Orogeny .in North
America, the Hercynian Orogeny in zurope and northwest
Africa‘, and the Uralian Orogeny‘betyeen the Baltic and the
éngaran cratons. The contiﬁents of Laurasia and Gondwana
must be treated as twc  or more interacting plates.
Subduction of .oceanic T[lates is assumed to be responsible
for the Kanimblan Orogeny in Australia , and the Antler

Orogeny in-western North America . -
Devonian Period - 370 MY

Paleomagnetic data is available for only 8 continental
fragments, and although “he total number of poles is 50, 4
of the 8 fragments are represented by iess than 5 poles.
Precision parémeters range from 20 to 162 and ages ccver a
considerablei span frcm Middle Silurian to Lbuer
Carboniferous . The single African pole is that reported by
Bailwood (1974) , otherwvise the data is that summarized by Mc

Elhinny (1973 ) updated from lists XITII and XxIV .
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Paleomagnetic results require a wider dispersion of
Laurasia'and Gondwanaland in the Devonian . It is probable
that the Tethys seaway was a continuous channel dividing the
continental masses into two major parts. The precision
parameter increases from 6 for no continental drift from the
present té the Devonian to 41 with the reconstruction shown
in figqure 1.13. This is significant at the 99.9% confidence
level. The longitude of Siberia , and therefo£e its position
relative to Europe , is ambiguous but the formation of the
Ural foldbelt in the Carboniferous places a constraint on
the separation. All .of the contifental segments have a
northward component of: velocity close to 3 cm/yr. The
distribution of continental lithosphere on an azimuthai—
equidistant projection in figure 1.13 shows the _samé
symmetry as in the Mesozoic and Upper, Paleozoic despite qxhe
. widening Tethyan garp.

Geological information has been added in figure 1.14,
As has been pointed out many times ( Briden and Irving,
1964; McElhinny, 1967), the distribution of Devonian reefs
compares well with +the 1location of the paleomagnetic
equator. Note also that the ' 0ld Red Continment ' in Euroée
straddles the equator, in agreement with the fossil fauna
and continental rocks which are interpreted as haying been
deposited iﬁ a tropical and semi-arid climate._'Since the

distribution of continents and their associated geosynclines

is similar to that in the Permo - Carboniferous , the same
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Figure 1.13 . Model of the continents in the Devonian
period. The relative postion of Siberia is most uncertain
and the 1longitude was determined by requiring the velocity

from the Devonian to the Permo - Carboniferous to be a
minimum.
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Figure 1.14 . Dpevonian geology and postulated plate
boundaries on an azimuthal equaidistant projection. The
locations of reefs are indicated by the letter R . -
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oceanic ridge-type triple junction is assumed to be active

still. oOne arm of the ridge system forms a near- globe

encircling system around, Gondwanaland . The complex pattern
of diastrophism cutting across Siberia and China may be
indicative of a collision of segments of the Asian landmass

but the sparceness of the paleomagnetic observations. does

not justify any separation.
Ordovician Period - 470 MY

There is a considerable body of paleomagnetic data for

the Lower Palebzoic to indicate a major reorganization of '

continental segmenfs and some large scale contihental drift.
In an effort to analyze the changes as a.function of time an
Ordovician reconstruction has been attempted. The gquantity
and éuality of the obsgrvatiogal results are lower than for
léter periods buf since the resultant model is simiiar to an
independent one Qsing Cambrian. data, it‘is thought to have
some validity. In order t ~btain a meaningful Ordovician
reconstruction we have restricted the tehporal' spread of
‘suitable paleomagnetic poles as .much as passible. This leads
to a . cbmpilation of 45 poles from 8 ccntinental segments,
althoygh only §iberia is represénted.ﬁy more than 10 poles.
One pole from the North American compilation of Deutsch and
Rao (1977) is listed as Cambro- Ordovician . 'Thé Western
Europegn -summary is that of Faller et -al (1977), in which

all the sampling sites involved lie in the British Iéles and
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may not therefore yield a polé characteristic of Western
Europe as a whole (see discussion in McElhinny, 1973, page
~-08) . The South American poles we have listed are those

reported by Thompson (1973).

The paleolatitude fcor all™continental segments becomes
quite low in the Ordovician and Cambrian periods. This
. places éll the continental plates on or near the equator
tfigure 1.15) éng to accomodate them +the variation i
longitﬁde is high 1y | constraineu. Omitting the
unrepresentative Western European pole, the precision
parameter, K , increases from 3 for no continental drift
between the present and the Ordovician to 33 for the

 reconstruction shown in figure 1.15. This is significant at

the 99.9% confidence level,

Geological data is superimposed in figure\1.46. Africa
has undergone a large‘amqunt of drift because the south pole
now appéars in the Tethyan Ocean north of this continent.\
‘The cdﬁtinéntad'segments are arfanged symmetrically along
the equator. This configuration suggests a platé pattern
similar to the one at th- presént time  with the, "ring"
plates on the paleq-eguator but with dominantly chanic
plates covering the poles. The individual platefﬁmoundaries
cannot be estqg;j§fgd with a;y certaintx becau#é of the
change innpattern and xhe~imprecision of much of the data.

-1€e spreading center in the Tethyan Ocean must have been

&
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JLigure 1.15 . Model of tvhe continents in the Ordovician
period. The south pole is at the origin of the azimuthal
equidistant projection. g o
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Pigure 1.16 . Ordovician geology and postulated plate
boundaries on an azimuthal equidistant projection centered
on the south pole. In the lower figure the projection is

centered on the north pole.
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quite active to have created such a uide'seaway and to have
carried Gondwana to its 1nd1cated position. The " Pacific"
plate, now centered on the nomth pole, must also have been
very active to generate the Caledonian Orogeny , aloné the
periphery of the "ripg" plates. The Caledonian Orogeny was
episodic from the Late Cambrian to the Middle Devonian and
this appears to have reorganized the plate tectonic pattern
drastically. Certainly, the vélocity of the continental
segments between the Ordovician and the Devonian is rather
high, often with a northward component of 5 to 7 cm/yr but
much more paleomagnetic data is necessa;y tq document the

pPrecise position of the continental segments.
Cambrian Period - 550 MY

The continental fragments are represented by a total of
only 35 poles, some of which are uppermost Precambrian and
others Lower Ordovician . With the exception of South
America , K values lie betwe .1 19 and 99 - For North America
we have followed vVvan der Voo et al (1976) anpd for Iﬁdia we
have used the sunmmary by Wensink (1975). The South American
summary vis that given by ThOmpson- (1973) who list§ 5
Cambrian poles; individually these poles are of poor quality
t only 1 has an alpha 95 under 20 degrees) and as a group
they are highly scattéred ( K =4, A 95 =41 degrees). If
taken at face value they imply large amounts of polar

wandering within the Cambrian . Whilst this may in fact be
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1.17 . Model of the continents in the Cambrian

Pigure
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period. The south pole is at the
equidistant projection.
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geology and postulated plate

boundaries on an azimuthal equidistant projection centered
on the south pole. Symbols A wmark the 1location of
Archaéocyathus fossils. In the lower figure the projection

has its origin at the north pole.

FPigure 1.18 cambrian
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true (see Hailwcod , 1974, for example) we prefer to adopt
the conservative approach of excluding these data until they
are corroborated by studies from other continents.
Consequently the South Awerican pole is illustrated on
figure 1.17 but is not used in the reconstruction and the
associated statistics. Fisherts precision parameter
increases from 5 for no continental drift between the
present and the Cambrian *o 26 for the model shown in figure
1.17. This is significant at the 99.5% confidence level. If
Australia and Antarctica are kept together with Africa to
maintain Gondwana the precision parameter increases to only
12, (table 2, Append;x 1) , even omitting the South American

data. The pattern and polar symmetry is very similar to that

in the Ordovician .

Geological data and the postulated plate boundaries are
shown  in figure 1.18. The position of the paleo-equator
corresponds well to outcrops built from skeletons of the
reef organism, Archaeocyathus . The proto - Atlantic between
Europe and North America that was postulated by Wilson
(1966) and by'Dewey and Bird (1970) is required here by the
paleomagnetic data although the longitudinal change is
uncertain. The Tethyan and Australian spreading center nust
have .been fairly intense tOrgenerate the rotation of North
America, Europe and Asia with velocities of 3 to g cm/yr.
The spreading center between Antarctica and Africa rust have

been dying out as Gondwanaland is a recognizable entity in



the Ordovician . All continental plates Fequire a nminimunm

velocity of between 2 and 4 cm/yr between the Cambrian and

Ordovician periods.
INTERPRETATION

Using Paleomagnetic Cbservations and a small number of
bPrinciples based on platg tectonic data and concepts it has
been possible tc¢ reconstruct continental fragments fof six
beriods between the Cretaceous and the Cambrian in a
Statistically significant nanner. The grouping of the
paleomagngtic poles show an  improvement jip Pishertg
Precision parameter at the 99% or 3 standa:d deviatibn
significance level. The model for the Tertiary period was
made using magnetic lineations and is an independent test of
the paleomagnetic methcd. An alternate reconstfuctioﬁ
following the early wcrk‘of Bullard et al (1965)_and Smith
and Hallan (1970), hereafter referred to as the n Bullard n
model, for brevity, was also méde. This " Bullard = model -
for Pangaea in the Permo - Triassic ( Fige 1.7) was kept as
@ distinct unit, allowing polar wander but no cohtinental
Separation, from the Triassic to the Cambrian. It has often
.been used, Qithoht Justification, for displaying tectonic
and paleontological data from the Lower Paleozoic Era , 1t
must be emphasized that neither Bullard nor his coworkers
’have ever glaimed any validity for this model over such an

extended period of time.. Indeed, Smith et al (1973) reached



a similar conclusion and have put forward a set of models,

not using plate tectonic rprinciples, H but employing the.

paleomagnetic data available to them, in which Pangaea 1is
broken apart in the Paleozoic . Fromtﬁgble 2, Appendix 1, it
is seen that the Fisher's precision paraeter, K , for the *
Bpllard " model, degenerates from 28 in the Triassic to 4 in
the Cambrian . The improvement 1in our model over the "
Bullard ™ one 1s significant at the one ,standafd deviation
level for the Permo - Carboniferous and gevonian periods and
at the 3 sfandard deviation level for the Ordovician and
Cambrian periods. Therefore we reject any reconstruction in
which Pangaea existed for more than a brief time in the

first half of the Mesozoic Era .

Models using pa;eomagnetic data contain ambiguities due
to the uncertaintyvin the longitude. The minimizatiqn -yith
respect to velocity of thé plates to define the longitﬁde,
although non-unique, has proven to bé} of great value,
Alterpate positions ‘of the continental ségments can be
readily visualized by consulting the Mercator projections
and the increase ‘in plate velocity can b~ estimated by the
relative shift from the minimum velocity point . From the
Devonian period to the present time the dated magnetic
lineations an; the reconstruction of Gondwana and Laurasia
place severe restrictions on the longitude (unless one has

reasons to believe 1in a shift of the earth's entire

,1ithoSphere along lines of latitude). In the Devonian period
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the North American and Asian continents are restrained to
the position shown by the geological evidence for the
formation of the Urals . 1In the Cambrian and Ordovician
periods the shift of all major segments to an equatorial
position places very tight constraints on the longitude. In
summary, unless the paleomagnetic evidence is missing, as in

China , or in error, the relative Jlongitude of all major

continental segments is estimated to be restrained within 10

degrees . Their velocities are then within 1 cm/yr of their

true values.

If we ncw accept the continental reconstruction as
approximately correct, the azimuthal eqdidistant maps, with
origin on the center of mass of the continental margins, are
useful in examining various geometrical properties. In all
periods there 1s present a éingle large ocean, similar to
the present-Pacific Ocean . In the early Paleozoic , hp to
the time of the Caledonian Orogény , this ocean was centered
on the North Pole . Subsequently it occupied an equatorial
position antipodal to the Tethys sea north of Africa . At
the end of the Mesozoic Era the center of the Pacific plate
shifted to a position antipodal to the center of the Affiéan
plate. The continental segments are drouped in a élﬁster
which 1is related.to the spin axis. Theﬁcenter of mass, C ,

is either on the South ©Pole , as in the Cambrian and

Ordovician periods, or else near the equator.
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‘ Figure 1.19 . The motion of four continents relative to
the present postion of Africa between 550 and 0 million
years ago. An azimuthal equidistant projection is used and
the reconstruction is based on a minimum velocity assumption
for all continental segments. The total nmotion of the
continents is approximately 90 degrees. Central North
America and Siberia move from an equatorial postion to one
close to the north pole. Central Africa moves from a south
polar pcstion to an equatorial one. Eastern Australia moves
from 30 N in the Cambrian to 60 S latitude in the Cretaceous
as a part of Gondwana ., Its subsequent motion is independent
of that of Africa . : ,






Figure 1.20 . Variation of the latitude of the nmean -

paleomagnetic $outh pole in the present coordinate system as
a functon of tinme,
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The drift of the continents in the Phanerozoic Era is
illustrated in figure 1.19. A graph ( Fig. 1.20 j using data
listed under LAT in Table 2 of the' Appendix 1 shows the
change in latitude of the mean south paleomagnetic pole as a
fucction f tinme. Samfles from the Cambrian and Ordovician
systems yield paleomagnetic south poles close to the present

equator. A rapid shift in latitude occurred at the time of

the Caledonian "Orogeny . which culminated toward the end of

tthe Ordovician period. This was concurrént with a major
reorganization of the continental segments ahd‘relatively
rapid continental plate moticn. The rest of the Paleozoic 1is
répresented by a uniform drif+ toward the present polar
pésitionf accompanied by a reorganization of the éontinents
into Gondwana and Laurasia . The Tethys sea closed uniformly
from its oceanic proportions in the Lower Paleozoic . A high
degree of symmetry occurred in the Mesoczoic E¥a with
Laurasia and Gondwana locked together to form the super-
continent of Pangaea . The latitude of the pole stabilized
neaf 80 degrees in terms.of present day coordinates. The end
of the Mesozoic <chows a . very synmétric ar:angenent even
though Gondwana and Laurasia are  separating with the
formation of a pgoto-'Atiantic Ocean in a symmetric relation
to the Tethys sea with respect to the map center ( Fig. 1.5

) « In the Tertiary period the 1latitude _in <figure 1.20

begins to shift, once again, towards 90 degrees. The

-continental arrangément has the symmetry of the present day

vith +the African and the “Pagific quasi-circular plates
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separu.ed by a ring of 1si-elliptical plates ( Pig. 1.4 )
. It is Significant that the variation in the latitude of
the pole with time is not random but is a very regular and

systematic function of time.

The reeonstruction of plate boundaries in the past
requires further assumptions as outliped in the principles
in -the introduction . The incom;leteness of paleomagnetic
observations.is compounded by the gaps 1in the geologicel
record. Hopever, accepting that the reconstructions have
some validity, it is S+&n that the number of plates varies
from. 6 to 8 or 9 . Small plates, such as the indian in the
Tertiary or the Nascar at the present time, have VeEry vrapid
motions ;nd Qnsappear quickly as independent entities.‘There
appears \to have b-en 7 or 8 mna jor plates iq‘the Lover
Paieozoic and'€2nozoic Eras . There may have been as few as
6 in the UOpper Paleozoic ,and'uesozoic Eras although the
nuaber occupyiré the enlarged Paeific Ocean is spec:lativs,
The plate arrangement aiso‘shows e certain symmetry during.

each period.- The Cambrian and Ordovician ‘periods have an

equatorial'zii%g of;dominantly continental plates 1nd1cat1ng

( ?ig.,1 fl) should be conpared to a similar one of the -
e wa]

syssem { PFig. 1.2 except that the "ring"

'btated 90 degrees to the sEgin ,axis. The Upper
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Paleozoic and Mesgzoic plate arrangement is one in which the

continental blocks have an equatorial position opposite the

N

oceanic group of plates. follouing principle 9, there must
be a spreading center - in the Tethys sea which is seen to

follow the equator. As the Tethys seaway becomes smaller
. \

towards the Cretaceous  period the continental and pﬁate
/

.arréngement acquires greater symmetry. In conclusion, +the

arrangement of plates is neither random in Space or time. On

the conirary, the plate tectonic patterh appears to have an
.1_ s A c

o 5yvolurionary developmen*t with 4 time scale off‘several
" _hundred millicn . yYears and ‘a high degree of spatial

oS e
\,J V~

organlzatlon uhose physlcal proper ies should be described

B

By lcw order spherlcai harmonlcs. Such an ordered kinematic
and geometrlc system oh the surface of the earth must be
reflccted also 1n the dynamic system wlthln its 1nter10r.
The organizaton of the lithosphere with tﬁo antipoaal
quasi-circular‘ plates separated by a ring of quasi-
elliptical plates at the Sresent time was considered by
Kanasewich (1976} to be convinc. évidence for é mantle-
wide convective system. Thegretical studies by chandrasekhar
{1961) 1nvestlgated three-dimensional convection in
sphe. ical shells of° a uniform Neutonian‘ incompressible
fluid. A variational principle was used to determlne the
kayleigh number for the onset of convectlonl in cells with
various 312957 Since - the Cq;e Iis liquid with a small

. i ) ‘ . ,_.%
viscosity, compared to +the mantle, the lower boundary



condition must have zero shear stress (free-slip) . The
boundary condition at the lithosplere-asthenosphere contact
is more complex but it 1is reasonable to assume that the
lithgsphere‘is free to move with the underlying mantle. More
complex and irregular plate boundaries will result because
this c¢ondition is only approxima® 1 whe: considering the
broad patterr of convective mofion, Wit upper and lower
toundaries buing free-slip and usincg fresent size of the
mantle it is found that a flow generated by internai sources
distributed as a spherical harmonic of degree three is most
readily excited ( Rayleigh numbér, R = 19,000) . Those with
degree 2 ( R = 22,000) and degree 4 ( R = 21,000) are only
slightly larger and are probably easily excited. That with

degree 6 has a Rayleigh .number of 35,000. It has been found

~
-

by Chamalaun 1 Roberts 55962h that axially symmetrical
mo..s are excited more regdily +han unsymmetrical modes. A
very detailed knowledge of the 5oundary conditions and the
physical propegties of the mantle would be necessary to make
a thedretical prediction of the combination of mbdes excited

. : .
and - maintaine in the flow pattern. Howevery it seems

reasonable to assume that, if mantle-wide convection occursn_."

the low order spherical harmonics will have the déminant
, : e '

i \
amplitudes. ///

Two-dimensional models of convective flow can be used

to solve more complex physical states. Thus Takeuchi and

Sakata, (1970) have made a theoretical computation on a two-
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/// layered Newtonian fluid with two-dimensional rectilinear
geometry. The boundar; conditions were zero shear s+ress at
// E the - surface and a non-slipping (zero velocity) lower
/ \ boundary yhich was being heated. The lower layer occuppied
/ \ 90% of the total thickness and was 1000 times more viscous

' \khan the upper (asthenospheric) layer. This model showed

4 /that there are larger horizontal velocities in the  upper

/ll Yer but ‘that the return flow is in the lower, more

/ vi cohs, layer. Studies by Peltier (1973 ) for heating

A\

distributed uniformly through a model with the sgme boundary
conditioné gave similar results. Davigs (1977) studied a
.model similarﬂto the one by Takéuchi and Sakata but with
N
both boundary\\conditicns being free-slipping and there was
no heating. The upper layer was taken to be 700 km thick and
he lower one was 2300 km. Davies found that 5 orders 6f
magnitude contrast between the viscosity in the lower and
layer are neceséary to exclude flow from the more

by

upper layer is made thinner. Alﬁhough the models are simple
I :
boundary conditions' not as complex as those

\ encountérgﬁ\in the real earth,fwheﬁdtheoretical studies have

f‘(

een carried\g?t to include the entire mantle, the results
the lower mantle must be involved in the

indicate that

dynamics of plate tectonics.

4

Assuming mantle-wide convection, a series of cross

sections \ have been drawn wup in figure, 1.22 fo illustrate

viscots layer. The contrast becomes even greater as the

.
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Shypothvtical flow patterns for the 7 periods modelled with
pale&magnetic data in figures 1.4 to 1.18. Hosf Qf the cross
sections of the earth cut the azimuthal-equidistant
~projections along a great circle path between 360, .C and 180
in figures 1.4 to 1.18. A polar cross section ( Figq.
1.22h,i) at any 1longitude for the Cambrian and Ordovician
periods tends to shéu 6 cells or a convective pattern that
can be described by a 3rd order sphericél harmonic. The
Devonian period ( Fig. 1.22qg) has a 2nd order convective
pattern which is somewhat irreqular. The Ordovician pattern
is also more irregular than the Cambrian one. Comparing the
Devonian and Ordovician spreading centers on a Mercator
projection (figures-'1.13 and 1;15) it 1is seen that the
change 1in convective crdet is evolutionary. The Ordovician
Tethys spreading center moved toward the equator and broke
through between 4Asia and Australia to Jjoin thpe Pacific
spreading cente; which evqlved, in the Dev?ézén, into a
triple Jjunction. If the Pacific oceanic sprégéing centers
were consistently more active than the Tethys one, the
rapidly moving Kula, Parallon 4and Pacific plates would tend
to concentrate the con;inental segments into the one Klarge
continent called Pangaea by Wegener . As the cross sections
in fiqure 1.22 (d to g) show, the convection pattern
remained stable as a 2nd order system until the Cretaceous
period. A 2nd order sysfen is still present in the
Cretaceous .but the Tethys spreading center has decayed éway

and as seen in fiqgures 1.5 and 1.6, a transition is

o N
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occurring to a new order at the beginning of the Cenozofc
Era . This is almore conélex system which tended to split
Gondwana and Laurasia apart. The Pacific system developed a
doublé triple junction ( PFig. 1.6) with the four oceanic
plates of Pacific, Kula, Farallon, and Phoenix . In the
Tertiary per »d (figure 1.4) the spreading center between
the .Phoenix and Farallon plates bégan to dominate so that
the Kula and'Farallon plates were subducted out of?existence
undérneath Asia and ‘North America . The North Atlantic
ridge, which first appeared 1in the Jurassic period, also
became dominant and a spreading center formed three-quarters
of the w%y arcand Africa . The Tertiary spreading centers,
like ‘the present ones, are complex, involving many axiéily
symmetric modes of lo;‘crder>spherica;45harmpﬁics., But the
3rd and 1st ° orders predominate. E;ﬁis produ&esﬂtwo main
fpreading cenfers which drive the Pacific and African plates
in a northva;d direction ¢ Fig. 1.22a,b ). The‘ twvo célls
have very d;fferent velocities and are découpled by a ring
of plates and minor spreading centers. These show the third
order pattern more «clearly ( Fig. 1.22c) if another cross

section is made through the "ring" perpendicular td*the_ one

in figure 1.22b.



CHAPTER 2

REVIEW OF SEISMIC EVIDENCE FOR LATERAn INHOMOGENEITIES 1IN

o ) THE MANTLE

Over théglast ten years lateral inhomogeneities in the
mantle have received increased attention. There are several
x}easoﬁs..The increasea quality of seismic‘ data with the
introduction of the seismic array and the World wide
Standard SeismiciNetwork (wﬁSSN) has refined the sphericall}
symmetric average earth mﬁaels, with the .result that thé
deviations from these models have become more evident. Also
the theory of plate tectonics and the céntinuing debate
about whole’ mantle convection has focused attention on
possible lateral ;nhomogeneities in the mantle. This review
attempts to presen£ the most important seismic methods for
detection'of lateral, inhomogeneities in the mantle, and,?
specifically in the deeper mantle. The much stﬁdigd subject
of crust and upper mantle inhomogeneities, particular those
relqted to plate bound&?ies will not get ‘much éttention,
sinc%>acceptab1e models already exist. Different methods of
studying the seismic data and some of the results aré,

examined., A summary of the evidence for lateral

inhomogeneities is given in table 2.1.
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IRAVEL TIMES

Travel times of seismic phases, especially for the P
and S phases, have been the tool most often used for
determining méntle structure. Other seismic phases have been
used 1n more specific studies, for example PcP travel times

are used to determine the radius of the core.

A travel time residual, Tres, can be written as

Tres = T - C + A + E ¢+ R+ S + 4/ (2. 1)
T: The observed travel time.
C: The calculated travel time as a function of distance

and focal depth for a radially homogenous earth.
A Correction for the station altitude above sea level.
E:. Correction for earth ellipticity, usually corrected
~as suggested by Bullen (1985).
R: Station regional correction which can be written
kK = A + B sin (AZ*D). (2.2)
45 o
A, B and D are constants for a certain station and
Az is the azimuth measured from the station towards
the event. A is the azimuth independenthcorrection
and B and E the azimuth dependent terms. Herrin and
Taggart (1968) have tabulated A, B, and D for a

large number of stations in the WWSSN network. The

corrections clearly show the existence of regional

lateral inhomogeneities in the crust and upperamost

mantle.

S: Since earthquakes occur in tectoniCally active areas

L8
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with large inhomogeneities, source related travel
N

time anomalies, S, are to be expected. Attempts have

~

teen made to make general corrections, as expressed

/
/

in 2.2, (Herrin and Taggart (1968a)) or corrections

are calculated for special cases (Engdahl and
Johnson (1974) ). Most results are not corrected for
source effe¢ts and source related anomalies are
often used as evidence for lateral inhomogeneitie

in thg/ségzzz\}%gion_ either close to the source

(Engdahl and Johnson (1968) , Jacob (1972)) or well

below the source (Engdahl (1975)).

M: Errors which arise from event mislocation, or

mistakes in determining the event origin time.

From this discussion of the terms in (2.1) it is seen

that residuals can have several explanations., Several

methods are discussed belcw for identifying residuals due to

the deeper part of the ray path.

ik

Comparison_of travel time_curves. .-

Travel time‘anomélies, Tres, plott against epicentfal
distance, del, will often show a systematic variation
indicating that anomalies are not random. An improveﬁent' of
the - results can be obtained by using on{g deep earthquakes
(h > 500 km) thus elimingting or reducing.source anomalies,
Such a study vas made by Julian and Sengupta (1973) who also

used regional station corrections R. The conclusion of that

7
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study wa§ that the méjority'of lateral‘@némalies are below
2000 ‘kms depth, as the +travel timé curves show much
difference from region to region for del > 85. degreeé. A
large part of the deeper mantle was mapped as being either
slow or fast reiétive to the J-p tables (Jeffreys and Bullen
(1967)). Size of the ancmalies was 1000 km or 1less. The
approximate -region of anomaly ﬁas arbitrarily defined to be
that part of the ray covering the central 30° of the ray
path. T''s 1s a reasonable assumption since 25% of the
travel time is spent in the lower 10% of the fqy path. A
similar study uas*made'by Au (1977) suggesting the existence
of relative lowbbelocity region§ in the lower mantle under
the Indian Ocean and fhe Himalayan mountains.
) ¥

P-wave residuals_as_a_function_of azimuth

As mentioned earlier, the systematic variation of Tres’

- with azimuth is usually interpreted as ;due to velocity
anomalies in the upper mantle. Herrin and Taggart (5968) did
not interpret their results in ternms of velocity anomalies
at any particular depth, but it is possible td make use of

their tabulations to do so. An analysis was made by Brown

’(1973) for the stations- in the Scandinavian netwotrk. It

appears that seismic waves travel faster for paths which

approach Scandinavia frcm the north than from the éouth,'

Several possible models were tried to explain the anomalies
and the conclusion reached was that because of the exténsive

area showing the ancmaly, the most likeﬁ; explanation would

67
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be a dipping structure under Scandinavia at depths of 600 to

- 700 km.

Inversion of travel time curves in terms of velocity.

Several invérsibns using the Hefglotz ~ Wiechert method
gave been presented using paths of .world-wide data. TIf
enough data 1is present it is possible to compa;g velocity
models calculated from data from different .regions. Niazi
(1973) made such a study uéing S-waves and showed that below
250C kms depth the mantle beneath Iceland and the Nort* >ole
differed significantly, the S-wave velocity being i 25t

.close to TIceland. This can possibly be correlated to

Morgan's (1972) suggestion of a hotspot under Icelar '.

Inversion__of_ _travel time _residuals__in_'terms of velocity

<

perturbations_in_a 3 dimensional gént;gL

Two = global inversicns have been reported in  the.

literaiure. Sengupta and Toksoz (1976) used 1490 P and PcP
and 31u S and ScS travel times from deep events. ‘The data
were ‘first fitted to an average .radial velocity»model. Then
the anomalies for each statijion were .averaged and used to
‘correct‘ithé' fhdividual travel times. The remainin§ travel

~time anomalies were fitted through constant perturbations in

3-dimensional blocks of size 10 deg. in latitude, 10 deg. in

longitude and 500 kms in depth. A method of successive

approximations was used (Aki et al (197a)),1which Sengupta
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and Toksoz descr

ibe as follows., The r'th approximation of

the velocity perturbation for the m*th block (= p; ) is

given by the wei

of n linear 'equa

L3
ij

T
A summation con
equation (2.3).
bleck is u,‘%j

/#/f'th eakrt hquake

,_,//// approximatiSK of

of velocityj in

approximation

0

corresponJ&

Toksoz sta e, th
different seque
results emerged.
" in the upper man
veloc1ty pertur

and for 2500 knm®

ghted least squares Solution to the Systen

tions of the form

c = KT * pT (2.
1j 1jm m

vention is assumed to apply to subscr s in

The number of rays passing through the m'th

is the observed travel time anomaly for the

F. is t.he  rtth
lj .

from the perturbation

and j'th- station;
the correction

g blocks and K~ is the r'th

the remaini
i1jm

f the trayel time in the R'th block
) rlctly speaking, as Sengupta and
€ problen is undetermined However by usiug
nces of sampllng the blocks, sone consiCtent

I,ater-al 1nhomogene1t1es were most promlnent
tle and near the core- mantle bound&ry. The
bations were mapped for depths of 0-500 kn

= 2900 knm., The upper mantle anomalies

‘Corresronds  ‘well with surface features {high velocxty under

continents, 1low

anomalies do not

A similar,
Dziewonski et a]
selected frpm
Seismolegical Ce

events vith mor

under oceans), whlle the lower nmantle

but much nore €xtensive study was made by -

(1977) . About 700000 arrival times were -

the Bulletiu of the International

nter. Only the best data Was used anqg only
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Rééiduals were calculated relative to velocity model .PEM-C
(bziewonski et al (1975))V7Régional station corrections were
‘appli:B as’ described in eqdation 2.2 and ;hé resulting
residuals inverted in terms of velocity perturbétions. The
'block Size was 36 deg. latitude, 60 deg. longitude and the
se-iration’in depth ot 0 - 670 - 1100 - 1500 - 2200 kas and
the core-mantle bopﬁdary. The resulting perturbations in
velocity were much ' smaller (0.5%) than those found by
ﬁeng?pta and Toksoz (2%3. This is probabiy duelto the larger
blo:k siie; The velocity perturbations were an&lyzed;using
spherical harmonic analysis - for the 5 differéntjjégpths
‘regions. Results above 1500 »kQ;u‘depthl,were uégiable
indicéfing that the anomalies have dinensio#s .smaller than
the grid size. For the deepef mantle consistent results were

obtained. No correlation. with sugrface features wvas found but

a .correlation exists Letween large' wavelength gravity

anomalies, as observed at the surface, and those computed

from velocity anomalies at depths greater than 1100 ka.

In the study of 1lower mantle"inhonogeneities the
it - | ’
differential travel time cf the phases BcP-P and ScS-S  are
. ' '1,\ :
especially useful since the ray paths are nearly identical

-

in the upper mantle. It is seen in figure 2.1 that - in the_

-upper mantle the ray paths are very close for S and ScS or P

‘an® PcP. That is especially true for longér distances, (del

> 50 degreés); Differential travel times reduce or elinina;e

errors in hypocenter and ‘epicenter location, _absolute time

determination, event origin time and station anomalies. An

L
[ S ey
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.Pigure 2.1
R : . .
ScS and S rays in the distancg range 40 to 80 degrees. " The

numbers t“3 the left "are distances in km from the earths

center.
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I;;‘,“ ; ' ‘\ !
. ghdmaly in the differential travel time must then be 10%Sted

exthe% along the S7or ScS ray path below a depth where the

two paths dlverge a distance Qf at least one wavelength

( 30C km for a velocity of S km/s and .a frequency of 0.05 .

Hz). For 1instance at an epiggntral distance of 50 degrees
X ' A ‘ a ’

'the two rays %nparafe abou& 200 km at depths of 500 km while

at. a dlstance of 70 deﬁ!ﬁkﬂ<th same  separation occurs - at

about 1000 km. 5o an advantage to use as large

. l . -~
¢

'dlstances as p0551b1e, bugqthe values much beyond 80 degrees

el Q"

\

are not practlcaijaefz§s arrives very close in time to S - .
Y- )
: S N “ "
ar

true for PcP and P. -

AN ) 8
oy

The same arquments

Hales and Roberts LVSZOj‘ used ScsS-S tr&3e; times"to

\.
;;

.estimate the radius ofy the core. On plottlng ‘tﬁé

oy

Scbus

‘ C for J oy
travel times residuals versus eplcentral dlstance in th ’

,,L

range 48 ;o 70 degrees it was noted that suggtantla; sCatter‘

n

exlsteg *Scatter as large as up to 8 seconds vere noted, anﬁ'

n

Hales  a. Roberxs suggested the ex19tence ,of “lateral

e
%4

i

inhomogegeities ‘in the louer mantle, or altéﬁ@qtlvely bumps l‘

. . ‘ﬂ‘ . "

on” th& . .core- mantle boundary. Several studLe
& ¥ . o~ 4 i o

and Jchnson (197a), Buchblndeﬁ :(1968)) u51ng arrivals

'.g. Engdahl

reffected d@%gendﬁuithin«the core have shown that bhmps “n

the core-qanfie boundary cannot be larger than 5-10 km. This

is"not enough ta explhin the large scatter” (Vs = 7.3 ké/sq
time scatter = 2%10/7.3 sec = 2.7 sec), so the suggestion

t

about lateral 1nhonogene;t1es seers reasonable. . -

Mitchell %pd Helmberger (1973) used a much largeffset
. M



\ »

of l@p‘eriod SC5-S travel times in a study of the s

4

velocities near the core-mantle boundary, They hoped that by

using 1ong period S_”vaves (periods of 20s) the effect of

Jd

lateral 1nhomogenelt1es cQuld be minimized. The average ScS-

S residuals from events in South . America and -~ the Sea of

N

Ok hot sk .Were quite differeni. This was interpreted in terms

of lateral differences at the base of the mantle. Buchbinder

and Popinet (1973) usced short period PcP-P travel times and

PcP amplitudes in a-etudy of the’ core—mantle boundary. They

]
found a distance 1ndependen+ scattei‘ in the _PcP-P - travel
Ly
times (¢ 2.5 sec.) and noted that tbls probably vas due to
s o
lateral ‘inhomogeneities in the louer aani {é ,m‘ojw
' L Z‘\ o, 7 .. {‘1;‘, m vy

The studles mentloned so far d1d not” use PcP ~p or ScS -S

travel times with. the express' purﬁose :of studying lower
<mantle '1nhomogene1t1es, _but the poss1bllfty was qhoyn, and
‘m«"‘iﬂf - 't'»
several_studxes folloued u51ng dlfferentlal travel tlmes for
«'.\‘,

that purpose. Jordan and %ynn\(1974) and Jordan°(1975) used

o ‘V':)‘»l w7 &
a set of PcP ~P and. ScS~-S travel tJmes urth events from South

1

Amer1c&~ as recorded in North Amerlca °By co elatln the
Q} g

-

S¢s-s re51duals with .S reelduals,vrhey were e'to show the

23N

-8
ex1sten§p$of - 'high gﬁi&c1ty ‘region 'in’ the lower mantle

D

\

s

)

N
\\\

3

Ea|

&

~

L R

below the Carlbbeank Slpkln and Jordan (1975) studled world °

avlde Scs-S travel tlnes to show that the dlfference between

'/

oceanic and continental areas extends to a depth of uOO kl.-

A 51n11ar study was done by Baulgardt‘ (1976) using .(PcP-P

travel tgles,l and he, llke Slpkln and Jordan, found Fhat

veloc;tles under continents are hlgher than under oceans..

%



Figure 2.2
The Sc5 and double reflected ScS2
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Okal and Anderson (f 5) criticize the work of Sipkin and
Jordan arquing that the only 4 stations wused to represent
roceanic lithoephere are on oceanic islands less than 30
million years old, and are not a very typical representation
of  oceanic lithosphere. To overcome this problem Okal and
Anderson used multiple ScS phases, that is, S waves
reflected off the core ind surface of @he earth several
Ktimes; For instance by taklng the difference 1n travel time

~

between the once cdre reflected ScS and the‘ twice core

reflected 5Scs§2 ﬁkgse_ (see fig 2.2), station and source

A

anomallas are, eliminated and gross anomalieés must be along

the surface reflected ray A-B-C. By ch0051ng rays having
‘reflectlon poxnt B under "normal" Pacific crust, the problenm

of haV1nd r&yz sampllng the crust- mantfé’ under'“anonalous

AA

oceanic - Eslsﬁds should be av01gfd.‘oﬁ%é and Anderson claim

that an anonaly in fhe “dlfferentlal travel tlme ScSZ'ScS

* ' vq

Hlll be an 1nd1cat10n of an anomaly in the upper part of the
ray A-B-C. Clearly thlS 1nterpretat10n is not unlque and it
seems likely that any part of the ray A-B-C- could pass

through the anomaly.*‘NevertheleSS, theii results. seea to

"
indicate thatmthe ma jority of 1nhomogene1t1es are found in

‘the uppér 200 km of" +the mantle. The one way travel time
; 44
resi/uals in ray A-B vary frém +5 >over oceainls to _—3,5

secoﬂds ‘over \coﬁtlnents and &kal and Anderson could Show

E3

- that thene vas a correlatlon between the size of the anonaly

and the age of he plate. Younger parts of a plate (near

”rldges) have a more developed low ve1001ty zone and thus -

.

/
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' almost-7 1dent1¢al slope,\‘

™

larger one way S-travel times, while the opposite is the

case for the older parts of the plate. By comparing possible
models with fhe travel time residuals, Okal and Anderson

concluded,- that their observations could be explained by a
lateral changing velocity in the upper 200 km of the mantle.

4¢
Sipkin ~and Jordan (1976) also used multiple ScS phases

and  thereby confirmed their results fronm 1975, still

“claiming that ocean continent differences extends to depths!:

exceedinngOO km. : o e

The very special differential travel. true ScS P 1s used

. l:( . .
by Cboudhury et .al (1975) iéwh study: of ‘‘events from-'the
R . 0 i [ ‘

r

- South Pacific, recorded in Antartica. In the distance range

used (50- 60 degrees), the Scs ang P travel time curves have

.ScS-R times . dlstuﬂce

. . § et

-
"

"}hdependent and thus eliminating - errors ;lﬁ,éiﬁg . from -
. Y . - g

epicenter mislccations. “On the other hand, ScsS-P times are

very sensitive to the depth of ¢he'earthquake and Choudhury

et. al use the ScS-P times to show the existence of lateral

inhomodeneities in the source region.

Fngdahl (1975) studied deep focus events from Fiji and

o

;fonga~ as recorded at Alaskan stations. He calculated the

o ;

difference in P travel times for two groups of . stations,

N . < . y . - ! A
thereby eliminating errors due to event mislocatien, near

_ source i: *genel*les and wrong orlgln time. A large number

of such dlfrerentlaP travel tlmes for aafigﬁknt events vere

determined, and it became clear that the esiduals differed

v
4

o

/6



rrom events in the northern and souther'n region of Fiji -
Tonga. Because of the proximity of the +*wo groups of
recording stations it was concludel + 1t i.e differeamce in

traveI‘time moet'likely originated --vse ¢ the earthquakes.
re

'~Johﬁson showed that in the’Fljl Tongn i "gyion, there must be

&

lateral dlfferences in the mantle below a depth of 700 knm
depth, that is, lover . than mpl&tés,q_asf deflned by

earthquakes, agm depicted. This cculd be an 1nd1catlon;pthat

platesiﬁare sinking well below wtbe ndeptp of the deepest

3
<

v - . . ,
searthquake. S Th o . A .

@ "
‘l

probiems related to trdvel. tlme studles have been avelded.
The array samples theibwave 'ﬁront “at .several ‘spatlal
iocatlons and it is thus p0551be to dlrectly determlne the
slowness, p = dTsddel, by measurlng the time dlfference in.

arrival trme ; éT; between sensors separated by ﬁdel The
- 2

 slowness can also be meacured as the slope of a t¥davel time

then affect the value of E. An additional parameter mealured

E

curve, but errors 1n{event-locatlon #d origin time .will

- <

-

by the array is the azimuth Az, ar the'direction from which

the waves arrive. The ray paraheter can then be represented

- .

as a vector, E,(wlth magnltude ¢ P, and direction determined

by Az. The azimuth measurement is very useful since

deviations of the ray path from a great circle path indicate

that lateral inhqmogeneities'exist somewhere along the ray.'

e introductlbn of the selsmlc arrdy some of the

:

77

.



?»l' . - .
"'Algo 4he ~m#asurement of p is importaht. simce a sfiall”
_velocity.' anomaly can affect the value of p quite
A‘Qv
significantly without giving %g travel time anomaly.

"Furthermore ©p 1is very sensitive to the velocity, v, at the
bottom of the ray path where p = r/v, r being the distance

N ' W,
from the center of the earth to the bottom point of“the ray.

Interpretatlon of _anomalous p-Az values- An anomaly in p or

Az can have its origin anywhere along the ray path, so, as
in travﬁa time studies, scme method musSt be used to estimate
v .

where the anomaly is located. A lateral inhomogeneity in the
crust under the array can severely change the‘gﬁéerved value

of p-Az by intrcducing different delays in the . travel time
‘_»':4; . ' - ,.y,v'; )
to the dlfferent Sensors. A“ﬁ "Qw scale 1nhomogene1ty,

i

’zﬂélve consistent changes

larger than the array aperture, wit

‘in p-Az for measurement from- different events, and can
. % _ .
therefore . be corrected. Medium scale inhomogeneities .

(similar in size to the array aperture), will give

fluctuating anomalies 1n p—Az " for different events and

3
N Y

correction is difficult. Small scale anomalles‘%will appear

!v}

as random noise 1in an array ‘with many detectors and may

A\
canceﬂ out or be teated by tlme sequence analy31s. Similar

'structuralA»inhOmogenxetaes at-' the source Hlll affect the
observed values cf p-Az much lees th ﬂ he 'feceiver.‘
Since, the ray hundle arr1v1ng at the rray nly spreads out
100-2C0 km, thé individual rays at- the 51de witl be

very close together, and thus get about the same- tlme delay



)

from any sméll,scale anomalies there. Larger scale anomalies
at the source can change the direction of the whole ray
bundle, bﬁt from fig 2.3 it 1is seen that the effect is smgll
at the receiver side. Davies and Sheppard (1972) estimated
that the maximum error in p and Az to be expected fronm

source anomalies would bte 3% and 2 degrees Des'ggtively.

AN

-residuals: A large nhmbe; of studies using the ray -

parameter haﬁe the objective of determining p as a function
of distance since this relationship is used in the Herglotz

- Wiechert inversion to calculate velocities in +*he earth.

-, As "~a by-product of’ these studies, lagkral inhomogeneities

‘are ' often suggested _to explain discrepancies between
$different 'siudies, or differences between velocity models
from d&ﬁfefent‘regions. Tcksoz et al (1967) made a glogpl

study . of inhomogeneities in the mantle using p values from

LASA. On plotting.p versus del for results coming from 2

different directions (Az;»= 140 and 310 degrees) it was fouhdb
that the curves differed significantly'in the distance rahge
65-87 degrees. Toksoz et al aréued, that since the angle of

incidence for the rays *o LASA, in that distange range, only

g 3

changes © degrees,éthis difference could not be . a receiver
effect and the

ost like;y‘explénation wohla be a lateral:

‘differencs in th: velocity gradient at dépths 1800-2600- km.

This 1interpre-:ation 1i:= ‘made under the the assump{ionlthat N

-

the lateral dif:Zar .ce is located at the deepest point of

the ray. Chinnery (1969) used p data and travel times fron
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Figure 2.3

o

An a21muthﬁt ‘apomaly as seen by the array. The™ Qnomalous

,@Ts Rttt
velocity qﬁﬁ@aént is located at C and it causes an azimuthal

anomaly, angle A, as seen by the reciever and angle B at the
source. If source and reciever were 1nterchanged it is seen
that the azimuthal deviation as observed by the receiver
would be considerable less than in the first case. 1In
general thes observed . azimuthal deviation for - the sanme

i ~
velocity anomaly decreases with the distance to the anomaly.

ri.
S e

R

>s . -
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fig 2.4), At a glance it is pOSSlble to see from

.
’44l._ ’ . , L
LASA, and al@w'“foghd inconsistent results for distances

v

greater than 8% degrees. He also suggested lateral

iﬁhomogeneitlee in the deeper mantle as an explanation.
Joﬁnsoﬂ (1967, 1569) inverted a large set of p observation
into velocity models for the mantle. Comparing his results
for the 1Q¥er mantle with results from other studies he
found differeuc velocities at the same‘aepth and therefore
suggested that’ the lower'mantle.varied laterally. Several
o%%er studies-usihg comparable techniques obtained similar

results.

-

T

~
R T

. - . . R
A common feature of many array studies is that thevmajor

»

objective is . to "get a slowness- dlstgﬁce curve so axdiu*h
. [ [ ) ‘5‘

anomalies aréd not interpreted. With  the kaccumuL@tﬁWﬂf"”

B

evidence for lateral inhombgeneities in the mantle more

attentlon has beén given to the measurement of azimuth.
i »,

study yleldlng both p and Az, which were comblned ﬁﬁto “a

vector p. They plotted the, vector residual betueen the .

)
obser¥ed and calculateld p-vector in an array dlaggﬁ (see
vééch ‘ray;:

f“pafh the anpmaly originate; and also the .direction and

magnitude, of the anomaly.' Dav1es and Sheppard found that

e

part «of the anomalles could be ascrlbed to crustal varlatlon

N

under'the array but several variations in the p-Az anomalies

<

- were fluctuating too fast with Az to be a station anomaly.

Tt. was concluded that dateral inhomégeneities probably can

F

81
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Figure 2.4

4

An example of "an array diagram. The figﬁre is from Davies

and Sheppard (1972) showing results from the LASA array. The

outer circle represents a slowness value of 10 sec/deg while

the inner circles are at 7.5, 5.0 and 4.0 sec/deg.

i?irections north (N), south (S), east (E) and west (W) are

S seen from the center of the array.
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~% possible to use the anomalous array uislbcatiou}\ Powvell

B

be found at all levels of the mantle and only some of thenm

are related *o syrface feature like hot spots and subduction

zones,

wiechert (1972) -found azimuth anomalies for ‘rays

;darriving aQ}the‘Yellowknﬂfe array and’ bottoming under the

Aleutians. To exclude ‘““structure near the array,. as

responsible fo* the anomalies, Wlechert looked at the p-Ag

-

\
anomalleg. at ﬂsubarrays!and found the sa e varlatlon in the

,y;w

p~Az devxatlons, as u51ng the vhole array. Comparlson of. hlS

Observat10n§4 wrth ~array measurembnts ks elsewhere . ehowed‘\
ﬁg; . .o o .

\

similar results. ror rayc bottomlng in the same reglon, but a

- 4

hav1ng dlfferent 0 'o1n. Source anomallee could therefore. be

excluded and Wiech&fg condluded that most llkely lateral

S

1nhomogenelt1es egists naar tH bottOﬂ}ng :points of the

rays. Seve*al other 51m1T%r studles are n@ntloned in’ .table

) smic arrkay ‘can be used tH locate earthquakes.

N

, ii can be 1locatead u51ng the measured a21muth ~-and
a "diste%ee“.obtalned irom a povereus distancevtable. This
m&;hod’ “is’ not very " adcurate, | siuce - small écele
iuhehegeneities Cau »give significant enom§lies_in é and Az
and thus_giving a mislocation the event. Knowing whéfef jhe
event is from cdnueutioual,travel.fine‘determination,iit is

o
Y

(1976) Tstudy patterns "of - mislocations for §everal~deep

1 3

‘events, using 3 seismic arrays, and interpreted the,freéuips

N
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in terms o1 act: .geneities below the subduction zones at
depths of at least 650 or 800 km. Kanasewich et al (1972,
1973) used the VASA and PEACE‘arrays for measuring p-Az fays
bdftoming in the deeper mantle at points having a surface
préjection at or close to Hawaii. Low values of p were found

for these rays compared to rays' from. other "parts of the

world to VASA. Because of the consistency of results from:.

~ Yy

the two arrays and erm‘ several different events, source
anomalies were ruled.out.‘since the p measuremen . Or other
ray paths did not produce any large anomalies\nq significant
station anbmaiy was expected. The 1low p values for réys
under Hawdiil Qere then ascribed to a velocity’anomaly at the
deepest point of the ray, where ‘§RA= r/v, and tbus

interpreted in terms™ of a'high velocity anomaly at depths

between the core-mantle boundary and 500 km above.

—

-Kanasewich and Gutowski (1975) confirmga previous results by

using - the LASA and VASA array and making more use of the
azimuth anomalies. The herizontal dimension of the high

velocity regiod could be limited to 150 km.
! ™.

wright - (1975) ~ criticized Kanasewich et al's
interpretation of the p-Az data and argﬁed that anomalies,
such as observed for the rays under Hawaii, are often seen

without having' any correlation with deeper mantle

inhomogeneities. Also, the velocity anomaly does not have to

be at the deepest point of the ray, but could originate

somewhere between Hawaii and North America. Wright (1975, f;

1973) presented data from the Yellowknife array using rays



 VASA were probably generated under the array.
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which bottom just noréh of the Areé.samplea by‘Kanaseuich et
al, and found no anomaly. S§right also claimed that the
argument for ruling ou*t anomalies under ﬁ%SA is not valid,
since the UK tyfge arfays shoy. similar anomalies in p-Az
ariéing from crustal structure under the array. Kanasewich
et al (1975b) replied that theée.comparable anomalies were
measured with small arrays which are much more sensitive to
crustal variaticns, and that nc ccmpérable crust relateé,
fluctuations in pfAz have been found at the lafge .perture
VASA afréy. Okal and Kuéter (1975) used a’ 50 km aperture
array on two island groups in French Polynesia and showed
that large anomalies in p-Az could be found for rays
A}
botfoming under Hawaii if individuwal island arrays were
usad. However combining the two subsets into an oblong
afray, 350 km in lengh, the anomalies were found t cancel.
They used this as an arqument against the interpretation by
Kanasewich et al, but according to their fig 4, only 4 rays
in the viéinity of Hawaii were used, and it is difficult to
see exactly where the rays bottom relative to the data given
by Kanasewich et al, Mére questionaﬁle is their combination
into an odd shaped array of seismic structures fronm tvo
groups of Pacific Islands. Bertéusson (1975) made a similar
study with tﬂe LASA array and concludes that the LASA _array

! \

is not big enough (similar in size to the VASA array), to

"rule out the effects of local small scale lateral

: ‘ ;
inhomogeneities, and thus the Havaii anomalies seen with

/

v

~

4

3
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The previous discussion}‘shows "how  ambiguous, the
interpretation of p-Az data is and additional infbrmation
must be obtained somewhere. In the case of Hawaii additional
information'éomes from a étudy ty Best et al (1974). Tﬁey
used travel times of ScS3 with both earthquake apd receiver
on Hawaii, thus saméling 6nly the mantle direéfly -below
Hawaii. Their results showed tﬂe two-way travel.time was
faster than normal, the anomaly being 0.7 sec. for a J-B
model and 5.3 sec. for the Jordan model B1. So somewhere
between the surfagg and tbe'core-mantle boundary tﬁere is
-material with : relatively high | ;elOcity - and th=

. Al .
interpretation by Kanasewich et al cannot be discarded.

®-wvaves diffracted ar&und the core sample a large area
of +he core-mantle boundary. Alexander and Phinney (196b)
and Phinney and Alexander (1§68) used ratios of spectral
amplitudes of diffracted P-waves around the core-mantle
boundary and could thereby caiculate theméttenuatioﬁ at the
core-mantle boundary as a function of’frgquency. They found
signficant differences in attenuation for -different regions,
and 1in general, a difference Dbetween *the core—mantlé
boundary under the Central Pacific and the Afriqa - ‘North
Atlantic aréa. Needham and Davies (1973) mnade "an amplitude
study of diffracted é—uaves recorded at LASA and station
BMO. They found”significant differences in amplitude for

different re = and could show %at lateral inhoqogeneities

in the lowest 100 km of the mantlle would most easily explain

\

.\
\
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the observations. Sacks and Snoke (1976) used amplitudes of

core phases having near-grazing incidence at the core-mantle

boundary (and trlus high sensitivity to anomaliqf(on the

core-mantle boundary) and compared them with near vertic:1l

"

incident phases (low sensitivity to core-mantle boundary'

anomalieg). The data was interpreted in terms of lateral

inhomogeneities close to the core-mantle boundary.

2

Several studies have shown the possibility of
scattering of short period ?—waves 'a{ all levels in the
mantle. Doornbos '(1376) analyzed precursors to éKP at the
NORSAR array. Combination of measurement of p, Az, travel
times and spectrél ratios of PKP and its precursors were
most easily interprefed in terms of scattering in the lowgr
mantle. Scale length of anomalies was thought to be 10-30
km. Wfiéht (1975) also studied the precursor *o PKP at the
Yeilowknife array and gets similar resulfs. Husebye and King
(1976) usgd precursors tc PKI&P.recorded at NORSAR and also
show that they originate by a §éattering“process "close to

the core-mantle boundary.

A broad study by Tokso; et \51 (1969) made use of
.spherical hafmonic analysis of various geophysical data such
as seismic travel time residuals, .heat flow, érustal
thickness, and surface topography. The amount of correlation
between the different gecphysical parametérs wvas calculated

and it was found that at long - wavelengths {(n<6)

gravitational, heat flow and seispic travel time variations
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wero not correlated with topography. It wes qki& found that
gravity and seisnic travel fime ‘anomalies‘ could not bo
compensated for in the crust and the:éfore lafge Scale
mantle inhomogeneities would have to exist. Dziewonski et al
(1975) inverted free oscillation data, E-wave travel times
and surface wave dispersion-dafa in terms of velooitieo.

Continent - ocean differences were found to exist to'a deph

of 400 km. Below that deph no velocity anomalies were found
! ' F

-greater than 0.2% for P and 0.4% for 5. These values,

/
correspond well with a more comprehensive globe.. study by

Pziewonski (1977) which was discussed previously.

Despite much ambiguity in the interpretation'of.seismic

»
observations there is no doubt that lateral inhomogeneities
do exist at all levels in the mantle. A Froblem exists with
determioing the exact lccation and the size and magnitude of
the anomalies. The oize seems to vary from 10 fo éeveral

thousand kilometers and the magnitude of the anomalies is in

general, large; for small scale anomalies thdan for larger

\ ‘ S
ones. The maximum ldeviation reported is 10% in velocity, -

Most inhomogeneities seem to be located either in the upper

mantle or in the - lowest “ew hundred kilométers of the

mantile,

B8.



Table 2.1

Feferences to lateral inhomogeneities in the mantle. Depth
and size is in kilometers, and magnitude is percentage of

velocity,

means P and S velocity respectively.
p: The ray paramete ;

del:

or the change in velocity in ka/s,
The abbreviations are:

Epicentral distanze;

where P and S

Az: Azimuth;

CMB: The core mantle boundary; h: Depth; har. an.: harmonic
analyfis; vs: Versus. ’

|
METHOD .
o

P travel times]|

. i
P travel times|

travel times |
and wave shape|
’ !
P-travel times|

[
S travel times|
i
(
P-travel times|
and azimGth (
{
p,S5,PcP,Scs |
3-D inversion{

_ -

P-travel times|
3-D inversionj
. {
{P-travel times|
{ AWSSN library |

ScS-S travel

+imes

ScS-S
times

Pcp-pP
PcP/pP

LOCATION

{ SIZE,MAGNETUDE|

..oo.l.'-n-.l.l-‘o--.oo-voooo.I-n-ll..ouococvlno.'co--.onc!o

| lower mantle | Hales et al

DEPTH

| - v P 0.1
|
Central Asia | h<400
' { - ’ -
{
- ' -
{ 100-1000, -
|
N. Hemisphere] h>200¢C
: : { 1000, -
North Pole - | h=2500
Iceland . 1%
Scandinavia h>600
1000, -
World h>2500, h<500
500, 2%
World h>2500
>1000, 0.5%
Indian Ocean h>2C00

Himalaya

Caribbean
N. Pac.,Alas.

North of o0,
parallel

——— R e

2000, -

lower mantle

’

close to CMB

14

lower mantle

’

- |{Sengupta 1973

[ :
[ AUTHOR

197¢C

{

{ :

| Bugayevskiy
I et al. 1970
I f
|

|

|

Nersesov et
al. 1972
fJulian and

|
Niazi 1973

Brown 1973

Sengupta and
Toksoz 1976

Dziewonski
et al, 1977

ou 1977

|

|

|

l

|

|

I

| Hales and

| Roberts 1970.
| .
[Mitchel et al.|
{ 1973 {
{ (

{Buchbinder andj
(Pepinnet 1973 |

T T S T A e e T e TR s e e e i e e - g e ——
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PcP-P,S5cS-S

travel times
5cS-S travel
times
PcpP-pP
times

travel

" PcP-P travel

times

travel times

multiple ScS
travel times

multiple ScsS
travel times

| |
i |
{ {
. ,l
{ |
{ |
i |
| |
| {
| {
{ {
| multiple S5cS |
i {
| {
{ ]
( {
( |
{ (
| l
| {
| relative P §
{ travel times |
{ {
| difference 1in}|
(P p-del curves|
i |
| scatter in p, |
{P travel times|
| {
P wave p-del |
inversion |

[

[

p anomalies,
P travel times|

{P-p-del curves|

| : |
| {
{S p-del curves|
{ {
{ [
{P p-del curves|
(P travel times|

p and Az
anomalies

anomalies

P,pP,PcP,PnKp |

|
|
|
| p and Az
i
{
{
(p-Az anomalies|

NW.

Caribbean

World

N. Hemisphere|

Atlantic
World

World

ﬁawaii

Fiji Tonga

N. Pacific
Cen. America

Atlantic
Central Asia

SE. Asia

N. America

Pacific
N. AsiA
World

Rl
Aleutian g

N. Hemispheggf\ﬁ>?5ﬂp

{ 600<h<1400 |
{ 2000, - t
| |
| 0<h<4 GO }
|Cornt. vs Ocean|
lower mantle |
|Cont. vs Ocean|
| . {
close to CHMB {
|

. |
h<200 [
Cont. vs Uceanj|
|

h<4 00 l
Cont. vs Ocean|
|

lower mantle

4

“h>700
500, >10%

1800<h<2600

-

lower mantle

- -

14

lower mantle

4

1750<h<2300
- ,P 0.1

lowver mantle
1000, P 0{1

h<1000
Ct.vs.Oc,P 0.1

1700<h<2300
-. ,P 003

500<h<CMB
200-1000, -

8C00<h950
- ’ 2.5%

' - -

’
|

Johnson 1974

‘Johnson 1969

ML fmn Ste S e S SEm A GRS n e mm S—— —tm SR SRm G Smn . e wen s e Gee S e o mes e e

Jofdan and
Lynn 1974

Sipkin and
Jordan 1975
Baumgardt
1976

Stewart 19177
1000, _>2%

Okal and
Andérson. 1975

!
(
(
|
l
{
|
i
|
1
|
{
{
i
Sipkin and
Jordan 1976 i

Best and
Engdahl 1975

Toksoz et al.
1967

Chinnery
1969 .

Husebye et
al. 197

Vinnik et al.
1972

Robinson and
Kovach 1972

{

|

(

(

{

{

{

(

i

|

[

|

{

|

{

{

l

{

{

{

(

|

{

{

l

. l
Kulhanek and
Brown 1974 A
|

Davies and I
Sheppard 19721
|

Wiechert 1972
|

. 1

Wright 1973 |
[

[
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p-Az anomalies

|
|
|
{p-Az anomalies
| P

| p and Az
anomalies

and Az

P
anbmalies

|
o
l
{
|
{ation patterns
|
| travel times
tdiff. P waves
l N
| spectra of
|diff. P waves
I
| amplitude of
{diff. P waves
f
amplitude of
core phases

1]
e mEn e e S G . e Ghm v e amn m—

scattering o
PKP waves

scattering of
PKP waves

scattering of
PKIKP waves

Ispherical har.
{an. geop. data

P,pF, PcP,PnKpP{

travel times|

Nl

Fennoscandia

Hawaii

Caribbean

.

*
event misloc-f S. Pacific

pacific, AtF

lantic,Africa.

« 8
Pacific

World

free osc. and| World

{
{ travel times
|

|
|
l
|
|
|
l
|
{
|
|
!
|
!
|
i
|
i
|
l
|
l
|
|
{
|

Hemisphere|

h>1850

4

h<1000 i
1500 ,
- 2500<h<CHB
150 . ,

1900<h<2600

7 -

h>650, h>850
500,

close to CHMB

close to CMB

4

close to CMB
200 ,

close to CMB

r
Ag;;se to CMB

small,

2300<h<cCHB
10-30, 3%

close to CMB -
small,

large ,

lal‘ge, 0.2—00 4%

i
l
i
I
{
{
|
|
I
|
(
{
|
|
|
i
{
|
{
|
|
{
i
{
|
|
|
{
i
{
|
|
#
|
(
l
|
[

Wright 1975

Noponen 1974

Kanasewich et
al. 1975,73,72

Bates 1976
Powell 1976
Sacks 1967
Phinney and

Alexander 1969

- Needham and
Davies 1973

quks and
Snoke 1976

Wright 1975

Doornbos 1976

Husebye and
King 1976

Toksoz et al
1969

Dziewons&i et
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CHAPTER 3

SEISMIC DATA PROCESSING

From the previous discussion of ways to detect lateral
inhomogeneities, two techniques seem specially §uitable. One

. is the \use‘ of differential travel times, PcP-P and scs-S,
and the other measurément of the seismic ray parameter.
Since inhomogeneites of any dimension afe to be expected,
short period data will be preferred to avcid Aaveraginé out
smallef scale anomalies. Specifically the short period ScS-S

residuals . will be investigated, since other studies have

=}

used only long period S$ScS-S.

= - The parameters p=Az will be measured for boéh P and PcpP
phases, By'subtracting the p-Az values of P froma those of
écP, it is hoped that these differential values will have a
re¢duced bias due to source and stafion"heterogeneities in
-much the same way as the. Aifferen£ial travel times,
Furthermore, whenever possible, a combination of travel time

residuals and p-Az residuals will be wused, thus hopefully

eliminating scme of the ambigquities in interpretation.
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The main source of travel time data 'was from

earthquakes recorded with the WWSSN and Canadian network, 

Seismbqram cog;es on microfilm from these stations were
obtained il thé world Data Center, National Ocednic and
Atmospheric Administration, Boulder Colorado. A minor source
vas §eismograﬁs from the Edménton station EDM, and digital
recordings from the VASA array. Array data was '~ exclusively
from the VASA array from its operation in 1970 and 1574. All
the data was .for~ events in South and Central America as

recorded in Ncrth America. Thus the projecticn of all the

rays 1intersect in' the vicinity the Caribbean and Central

America. The reason for choosirg this area is ithat North
America‘ has a dense netwbrk of seismic stations, and there
are many\eartbquakes within an epicentrai distance of 80° in
South ‘and Central America. The Caribbean is also
tectonically complibated with some evidence for -~mantle
inhomogeneities thus making it iﬁteresting to study. The
theoretical travel times were calculated usiﬁg the J-B
seismological tables (Jeffreys and vBulleq 11967)) .
Corrections were made for station elevation and ellipticity,
the .lattef calculated using fhé Bullen (1965) formulation.
Travel fimes for 18 phases Qere calculated for each event -

station combination. For some of the phases travel time

-

tables had to be constructed. For instance for the multiple

reflection ScS2, travel times were derived from thé Scs

" travel times. Also a routine had to be written for

33
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calpuléting ellipticity corrections for phases such as FPcP2Z,
1
which are not in Bullen's +*ables. A progranm originally
written by Dr. E.R. Kanasewich calcdlating travel - times,«
distances and azimuths was extended to. ihcorporate any
combinatidﬁ of phases, stations and events. The 1input
paraheters . only required the phase name, the statioh
identifier.and,an assigned event 1dentifier. The travel time
tables and the station and event parameters are contained in Ix

-

separate files. All the output from the algoritahz was -

printed on library cards, which are stored toge?herﬂwith ﬁﬁgﬁ}
A ! A X

corresponding seismograms on microfilm. Thus _all thed o
' Qv

e )

relevant information about any earthquake - Hstation

PAN

combination was available thegher with the seismogramrs on
hand. An example of the t+o output cards is shown 1in table
3.1 and fig 3.1 shows scme of the phases for which travel

+imes were calculated.

About 3500 six ccmponent seismograms were searched for ‘
the phases ScS, 5652 FcP and PcP2, With tﬁe “aid of
theoretical arrival times for ali phases. which afe expécted
to have easily detectable amfplitudes, thé phases were
identified or rejéctéd if no reliablé .identifip?tion could

1

be made. 6nly high quality grrivals’with a clear onset wvere
used. If a cdre reflected phase was identified both the
direct and reflected phase (for example S and ScS) were read
on all seismograms if pdssible. Also the differential trafél

time from peak to peak was read, if the corresponding peaks

could be identified. Finalily the P arrival time on the short

~

—
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Table 3.1 -

An example of the two cards giving all the relevart data
- for the event GT74 5 recorded at station JCT.

Card 1
JCT ’ \ GT74 5
JUNCTION CITY (WWNSS) TEXAS

STATION DATA: LAT,LON(DEG),ELEV(KHM)
30,479 -99.802 0.591

EVENT DATA: ID AND LOCATION:

GT74 5 - SOUTHEREN PERU

LAT,LON (DEG) : -15.,00 -7..°0

DEPH (KM) AND MAG. 113.0 ° &8 .

ORIGIN TIME: 27 4 74 6 1 47.30 -

DISTANCES AND AZIMUTHS: '

SEISM DTST(DEG): 52.42
GEOC DIST (DEG): 52.45
GEOC DIST (KM): 5832.C

GEOC AZM (DEG) EV: 329.7¢C

_GEOC AZM (DEG) ST: 145.¢1

THE FOLLOWING CARD HAS PHASE ARR. TIME (HR,MIN,
SEC), RAY PARAMETER P(SEC/DEG),APPARENT VELOUCITY
APPV (KM/SEC), ANGLE OF INCIDENCE AINC (DEG)
ELLIPTICITY CORRECTION CELL (SEC) AND STATION

ELEVATION CORRECTION CSUR (SEC) °
\:',“\) !
4

Card 2

JCT ’ "~ GT74 5

PHA ARR TIME P APPV AINC CELL CSUR

P 6 10 50. 7 744 14,9 15.5 0.35 0.15 .

- PKP 0 ¢ 0.0 0.0 0.0 0.0 0.0 0.0

S 6 18 6.64 13,59 8.2 16.3 0.62 0.27

SKS 0 0 0.0 C.0 0.0 0.0 ¢.0 0.0

pp ‘6 12 52.59 9.16 12.1 19.2 0.67 0.16

SS 6 21 45,25 16.53 6.7 20.0 1.21 0.27

p-p 6 11 17.65 7.64 ~ 14,5 16,0 0.35 0.15

S-p 6 11 30.27 7.54 14.7 15.7 0.35 0.15

PCP 6 12 0.01 3.72 29.9 7.7 0.42 0,15

PCP2 6 19 44.56 2.29 48.6 4.7 1.11 0.15

SCPp 6 15 u5.71 4,35 25.6 9.0 0.58 0.15

PCS 6 15 57.24 4.30 25.9 5.1 0.58 0,26

PS 6 14 13.14 (.0 0.0 0.0 U."2 0.26

SPp 6 19 2.01 14.31 7.8 31. 0.:2 0.17 7

P-S 6 7 3.61 0.0 00 . 0.0 0.02 0.26

S-S 6 18 53.88 13.65 8.1 16.4 (.62 0.27

5CS 6 20 26.19 6.97 16,0 8.3 0.75 0.26

5CS2 6 34 30.40 4.25 26.2 5.0 2.01 0,26
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C e
Fiqure 3.1

Some seiswmic phases from a deep (top) and ‘a shallow (bottonm)
= ,
earthquake. The numbers to"the left are the distances in .m

from the earth's center.
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period 2 (vertid;l) was read, and all readings were given an
estimated reading error. From the observed travel times, the

residuals were calculated.

“Unfortunately many records were of poor quality with

either no core reflected phase or a poor direct phase.

Differential residuals frcm onlj 42 different rays were

obtained . for the PcP or Scs phase and ncne for PcP2 and

'ScS2. The data base obtained was augmented by results in the

-

published literature.

Data from the VASA array (figure 3.2), operated by the

University of Alberta,-was used. The array consists of up to

7’astatfons each having two horizontal (NS and EW) and one

vertical seismometer (Z). The stations havé been relocated
in each running seascn, thereby making it possible to
examine tﬁe effect of varying aperture - and crustal
structureJ ;$hé\ fieid data, recorded digitally at each

station, wasUédited\andufransfered to a maszer tape. This

' master tape 'cchtains all the data from each event together

vith information about the earthquake. Thus the master tape

am .

very conveniently contains all relevant data for processing.
. S : - -y |

For more-'defailed information about the VASA array see
Kanhswich ét al (1974) and and Bates (1976).

Calculation_of p-Az

SRR N
Ll o : : '
Assuming that the array is located in a 2 dimensional

ba}tesian coordinate system, the arrival time, t(x,y) of a

»

b
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Figure 3.2
%y, .
The location of the VASA arrays in Alberta. The Edmonton

station EDM was part of both the 1970 and 1974 array.
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plane wave at each seismometer can be written as

t(x,y)=%tc + pl * x + p2 * y (1. 1)
where to is the arrival time at the origin and p1 and p2 are
the x an y components of the ray parameter p. From the
arrival times for at least 3 stations a unique but not

necessarily correct p and Az can be determined. With more

than 3 stations no unique solution can be obtained since

local inhomogeneities will introduce inconsistent delays at
the individual seismometers. The arrival times must be

fitted to (1.1) to find (pl,p2) in a least squares sense

a

(Husebye (1969)), and the resulting p-Az will be a more

4

reliable average for the area. The effect of small scale
random inhomcgeneities is then averaged out. The success of

this operation is a function of the number of stations and

the geometry cf the array (Bates (1976)). For reducing the

. >
effect of crustal inhomogeneities a large array, with an
| \ . _
aperture of at least 150 km (like the 1974 VASA array), will
be best for the study of teleseismic arrivals since delays

in the arrival times, caused by.local structure then (Jive

smaller relative error in the travel time difference between

pairs of stations.
Y

A superior technique for determining p-Az is by a
vel% ‘ty spectral analysis. The so called VESPA technique
usec by Davies et al (1971) involves thé formation of a bean
by delay and summation of the seismic traces of an array,

and the determination of the power in the beam over a

specified time window, which is stepped down the record.

i
s
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Using a fixed azimuth a two dimeLsional plot ({(called a
Vespagram), of power as a “function of p and time, can be
made. A futher improvement of the VESPA technique is the so
called COVESPA technique designed by Gutowski and Kanasewich
(1974). Instead of power, a coherency, CC, is calculated as

a function of slowness, p, and time t;

| £, F
v 2 - i,t Titk,t
cC(Az,p,t) = S Yy ' '
M* (M-1) *T . .
Tk LS . g
. i,t i+k,t

where M is the number of statibns,. k is an incremental
integer on channel i (i#fk), T ii the length of the tinme
window and f, is the amplitude' of the signal at i'th
(?Ehannel "at time t. The compu{étion étarts by inserting time
‘deléys into the signals from each station corresponding to

“ J

the chosen’ p and Az. Then for each time alond the records,

f
i

- the zero lag cross correlation of ali combinations of two
statibns, "within the tihe window T, is computed, normalized
to unity and summed. The coherency 1is one if, at a givén P
Az and t, the phases anq ane!iorms of the signals, withiR
the window, are identical Ef“ifi stations. A contour plot
"(COVESPAGRAM) similar to the VESPAGRAM can be plotted with
CC as a function of p and t, see fig 3.3. A difficulty Qith
the COVESPAGRAH is that, the azimuth is fixed and since it

is really a function of time, p will only be correct at a

time where the azimuth has the assumed value. For instance
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Figure 3.3

A covespagram showing the arrival of both the P and PcP
phases. Below the <covespagram is shown one of the
corresponding 'séismograms (same time scale) recorded on the
vertical channel at staticn VUL. The event is from Panama
arriving at an azimuthal direction of 130°., The magnitude of

the event is 5.9 and the depth is 15 km.
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if P and PcP do not arrive from the same direction, the p

value of either P or PcP will be incorrect. Gutowski showed

~that the COVESPA technique was superior to the VRSPA
technique 1in terms of resolving power, sidelobe leakage and

sensitivity to amplitude variation over the array.

The COVESPA technique is especially useful for an array
with few stations, since the data is used more efficiently,
and it was therefore decided to use this method for
determining p and~Az for thé P and PcP phases. The original
program written by- Gutowski was modified as follows. To
determine the best p and Az at each tinme, t, the 9original
program calculated and printed out a whgie series of
Covespagrams for differen{ Az. By fittiné a »pafabolic
surface to values of coherehcy bear a maximum the best p and

Az was found at discrete times. The Az value which best

represented the whole wave train was chosen to make the

Covespagram. Since Az (and_p) changes with time, it seems

more natural to look at CC as a function of p and Az at eacH
time t.‘Thus for.each discrete t.the éurrent program prints
out CC as a function of p and Az (see table 3.2). The
response of the array was vcalibrated in . a computer
simulation for each event by using a test signal. This vas
achieved by giving each station a mixture of up to 3 tinme
signals with delays4 corresponding to 3 specified ,é-Az
values. The signals had-the,form

A *x sin(2*pi/T1) * (1 - t/T2) , o (3.2)

where A 1s the amplitude, T1 the period of the signal and T2
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Table 3.2
~ Typical covespagrams for the PcP and P phases. The
covepagram is calculated for an event in the Panama area
using the stations EAT, HAN and SES. The top matrix shows
the covespagram for the P phase and the bottom one for pcP.
Using an arbitrary value for time = 0, P arrives at time T =
3 seconds and PcpP at T = 68 seconds. The numbers 1in the
matrix are the coherencies (multiplied by one hundred) as a
function of azimuth (first column) in degrees and -slowness
(first row) in sec/deg. Zeroes indicate negative coherencies

The P phase. 4

T= 3 6.50 6.80 7.10 7.u0
130.0 0 0 0 0 0 0 o 0 ¢ 6 0
131.0 O ¢ 0 0 0 ¢ 0 0 0O 0 O
132.0 0 4 510 9 0 0 O 0 C O
133.0 0 59 52 68 73 40 0 0 O O O
134.0 0 8 78 9299875 1 0 0 0
135.0 0O ¢ 53 86 91 95 79 27 0 ¢ @
136.0 0 O 0 43 177 73 7756 8 0O O
137.0 c 0 0 01322 01523 0 O
138.0 o 0 0 0 0 0 0 0 0.1 0
139.0 0 0 0 O 0 0 O 31 40 57 34
140.0 0 0 0 O 0O ©0 0 48-79 82 9¢C

The PcP phase.

T= 68 3.20 3.50 3.80 4.10
130.0 0O ¢ 0 0 0 0 0 0 0 ¢ ¢
131.0 0O ¢ 0 915 0 0 0 O ¢ O
132.0 0 0 019 1524 9 0 0 O O
133.0 0 v 9 28 403530 0 0 0 0
134,90 "0 21 50 53 59 42 23-0 O O
135.0 0 126 59 73 77 63 34 16 0 O

©136. ¢ 0 0 25 61 75 92 80 51 325. 0 O
137.0 0 ¢ 15 54 80 88 84 61 29 2 O
138.0 C 0 71 40 67 88 83 65 26 0 O
139.0 ¢ 0 0 20 49 64 62 53 26 8 O
140.0 0 .0 9 O 28 43 45 36 25 0O O
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the duration of the signal. Calculating éhe array response
makes 1t possible té see the effect‘ of‘ period, array
//’ geometry, and having a mixtﬁre of signals with different p-
Az vdlues. An example 1is. shown in table 3.3, A ététion
_ &vation correction was made to reduce the values of p?Az
<\~/////fj corresponding values at sea level. Thus errors due to
differences 1in station: elevation were eliminated (the
maximum was 0.03 sec/deg. in p énd,0,5° in Az).’A bandpass
filter was inéluded in thé progfam to improve the signal to
noise ratio. A significantly better determination of p-Az .
wvas then possible with signals contaminated by noise. In the
original program it was assumed that the wave front was a
straight 1line (along a great circle), but that is only true
if the epicentral distance is 90°. A correction was made by
calculating the additional distance, the wave front has to
travel from one station tc anofher assuming a curved wave
froht (small <circle on the earths surface). Por a medium
sized array (apetture L< 75 km), the correction is
‘insignificant, but for the largest possible configuration
with the VASA array, - the error in p énd Az could be as much
as 0.2 secsdeq and 2°. Typical errors in this study were
0.05 secysdeg and 0.59,

Testing_and_using the Ccvespa program

|
Numerical experiments were performed to determine the
best values for the parameters in the algoritm. The time
windov was set equal to 1 second (ccmparable to the periods

of the signals) and a p-Az value was read at a time close to

v
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the start of the phase where tne highest coherency was
found. Usually a value of CC>Q.S existed within the two
first «cycles of.arrival of - P or PcP. The P-Az grid size was
decreased until the p-Az valuos were dotermined to an
accuracy approaching a maximum of 0.02 sec/deg. and 0.5°,

The number of stations and the station configuration was
~

—

very important. Since local inhomogeneities will introduce
different time delays for each station it is only’ to be
expected that +he Ccoherency will decrease with a larger
number of stations, and greater station separatlon. The 1975
VASA array was large (see fig 3.2) Hlth 6 portable stations
in Southern ‘Alberta plus the Edmonton station. By using
different combinations of the Stations ip was found that
different ccmbinations of the portable stations gave
resonably consistent results. Different 3 - station
combinations gave maximnm‘ diffe:ences in p and Az of 0;2
secsdeg and 3°, while a simultaneous solution using 4 or

more stations reduced the différences to 0.05 sec/deg and

0.59. Including the station EDM greatly reduced the

-~
v

Ccoherency :and stability of the resnlts. This is_probably
because EDM is relatively far . away from the group of
portable stations, thus making the difference in crustal
Structure more significant. Also the arrav is less symmetric
with EDM, and Bates (1976) showed theo:etically - that the
mOst stable results are cttained by using a symmetrlc array.
Elongating +the array will have the effect of making the

determination‘of P and Az less reliable, see the example in
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table 3.4. Consequently the EDM station was not used ain the
1974 data. Another important result, arising from comparing
p-Az values from different station combinations, was that,
although different combinations gave different values of p-
Az, the difference in p-Az betveen the phéses PcP and P
remained constént for different combinations. Thus the
effect of local inhomogeneities seems to be the same on p-Az
for P and PcP, and therefore a differece will cancel out the
effect., In the 197C array, the array was smalier and closer
to EDM so that all stations could be used. The coherency, in
genefal was higher than for the 1974 array, because the
.array was smaller, but that also had the effect of reducirg

~the resolution, see table 3.3.

Theoretical travel times, p and Az were calculated for
all - the phases mentioned in téble 3.1. The séismograms
{plots of the digital data) were searched for PéP, and if at
.least 2 stations had a good PcP phase, p and Az were
measured for P and PcP, using as many stations as‘pqgsible.
If Pcé could be identified in the covespagram, the grid size |
was reduced to the fesclution limit, Qnd the value for p and
Az read. The error assigned to p and Az would then lbe the
grid size. Also the arrival fime of.P and PcP were read from
all stationé, and the average caiculated. Finally the'travel
time and p-Az residuals were calculated fbr P, PcP and PcP-pP
using the J-B predicted values. A totél of 37 events fronm
South anq Central America were available and 9 were found to

have PcP phases of reasonable qualitv



Tabl@ 3.3 ,
An example on the array response for the 1974 and 1970
arrays. The first set of numbers give the slowness

(secs/deqg), azimuth (degrees) and amplitude of -the test
signal used to generate the covespagram. The period of the
signals 1is 1 second and the duration is 6 seconds. The
second set of numbers are the coherencies (multiplied by one
hundred) as a function of azimuth (first column) and
slowness (first row).

ARRAY RESPONSE FOR THE'1974 ARRAY.

SLOWNESS AZIMUTH AMPLITUDE

6.00 140.0 1.00
5.50 5.80 6.10 > 6.40

135.0 0 02030 0 0 C 1873 89 ue
136.0 0 26 81 82 14 0 0 21 66 59 18
137.0 2508452 5 0 C 0 C 0 0
138.0 012 3 6 0 0 0 0 0 ¢ u
139.0 0.0 0 0 0503923 0 020
140.0 0 0 0 055968020 0 0 3
41,0 23 S5 0 4 33 5748 6 0 C O
42,0 17 0 0 0 0 1 0 0 4 5 O
143.0 0O 0 0 0 0 0 0 32729 3
144, 0 0 0 020 4« C 0 0 20 33 29
145,0 0 0 0 0 0 0 0 0 0 20 29

~

ARRAY RESPONSE FOR THE 1970 ARRAY.

SLOWNESS AZTMUTH ANELITUDE

6.00 140.0 1.00
5.50 5.80 6.10 6.40
.135.0 4718 0 0 O 0 21 4565 77 83
136.0 36 6 0 0 0 10 38 65 96 96 83
137.0 2 € 0 0 0 35 69 96 96 83 61
138.90 0 0 O 0 19 65 87 96 89 70 30
139.0 0 0 O 3 65 87 96 89 70 u4 16
140.0 0 0 3 3587 96 89 70 44 16 O
141.0 0 33565 9289 70 44 16 0 O
142.0 0 853 76 83 70 47 4 0 0 O
- 143.0 8 39 64 81 74 47 18 0 O 0 O
144.0 23 64 81 83 €833 0 0 O O 2
145.0 50 557056 32 0 0 0 O O O
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Table 3.4
Comparison between a symmetric and an elongated array. The

first set of numbers give the slowness (sec/deq), azimuth
(degrees) and amplitude cf the test signal used to generate
the covespagram. The period of the signals 1is 1 second and
the duration is 6 seconds. The second set of numbers are the
coherencies (multiplied by one hundred) as a function of
azimuth (first column) and slowness (first row).

AN ELONGATED ARRAY

ARRAY RESPONSE POR STATIONS FOR SES HMAP

SLOWNESS AZIMUTH AMPLITUDE

6.00 140.00 1.00

) 5.50 5.80 6.10 6,490

135.0 0 0 0 0 0 0 0 71519 O
136.0 0O ¢ 0 0 0 C 53330 0 O
137.0 0 0 0 0 021478617 1 0 O
138.90 0 0 0 0 18 57 70 42 0 O 4
139.0 ¢ 0 0 0 30 83-77 39 0 0 5
140.0 ¢ 0 033799655 0 ¢ 0 O
141.0 0 0 058927623 0 0 0 O
142.0 0 0 30 74 9150 0 ¢ 0 O O
143.0 0 048 8C 6919 0 0 0 0 O
144.0 0 6 44 6539 0 0 0 O O O
145.90 0 63923 0 ¢ 0 0 0 0 O

A SYMMETRIC ARRAY
ARRAY RESPONSE FOR STATIONS FOR HAN SES

SLOWNESS AZIMUTH AMPLITUDE

6.00 140.00 1.00
5.50° 5.80 6.10 6.40
135.0 o 0 ¢ 0 0 0 0O O 0 O 8
136.¢ o 0 0 0 0 0 0 0 0 ¢ 5
137.0 0o 0 o 0 0 5 2 0 0 0 5
138.0 0 0 0 33 45 44 44 10 0 -0 O
139.0 0 0 17 45 57 61 S8 35 6 0 O
140.0 0 0 -6 40 77 96 96 77 41 1 O
141.0 0 ¢ 0 20 39 65 80 76 39 7 ¢
142.0 0 0o 0 0 3233519 9 0 O
143.0 17 0 0 0 0 0 O O O 0 O
144.0 66 30 0 -0 0 O O 0 G 0 O
145.0 85 6020 0 0 0O O 0 6 2 1
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CHAPTER 4

\ . \\

DETERMINATION OF THE DIP ON THE MOHO BY COVESPA ANALYSIS

It has been shown that small scale inhomogeneities do
not effect tﬁe array results seriously but there is the
possibility pf large scale structure. The nost serious
effect occurs if thé base of the crust at the Mohorovicic
discontinuity (MOHO) to be a dippiné surface. There{ are
- other dipping interfaces 1in the crust but the Moho is the
best défined ~with the largest velocity contrast. Niazi
{1966) showgd how co}rections fof the ef. -t of a dipping
plane could be calculated and made a .Series of «correction
tables. In general the depth, strike and dip of the Moho can
be found by refraction or refiection studies. This is no
ginor undertakihg and has never been done completely for
each location of any array. A method which could use the
available data from the array itself to determine the dip

and st ike bf the Mohc would be desirable., One such

technique is presented here.

It was nhoticed in some of the covéspagrams that after
the first P arrival the coda of the coherency peak s'.:-ed
consistently by a small amount ir the p-Az plane. The
magnitude of the shift vas about 0.1 sec/deg and 19 and it
was seen a few 'secondé after the dimnitial P 'phase; An
“explénatibn could be that P waves were converted to S waves

(heieafter called Ps) at a sloping interface in the crust.
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It wés deéided to search for similar changes in the
cayespagranm forJES conyersions from the Moho. An unconverted
é vave shows a smaller change in p-Az as a function of dip
angle than a converted (PS) phase. In principle it should be
possible to calculaté the slopéiof the Moho given slowness

~

and azimuth for both P and PS arrivals.

.The PS will arrive apout(gts seconds after P, and since

P converts to SV waves horizontal seiémbgrams were examined
and rotated to yield_the radial aﬂd transggrée compohents oq
’ \

motion. The converted arrivals are vertically pblarized
shear waves (sV) and <hould only dppear. on the radial
' componént. At an epicentral distance of about 60° the angle
of iﬁcidence at the base of the crust 1is 309, A typical
ratio for P velocities above and beiou the Moho, in Western
Canada (see fig 4.1), 1is 0.9. For these parameters ;he

amplitudé .transmission coefficient for PS is 0.12 (larry

Marks, personel communication). The amplitude of P as

observed on the radial component was, in general, half the P
amplitude as observed on the vertical compoment, so the

4
amplitude ratio of P to PS on“the radial component would be

about 4. A.;eries of covespagrams were made using'data,vfrom
the 1974 array, with high signal to noise ratio. On several.-
a second cbherency peék was found 4-5 seconds after the P
arrival (table u4.1). Some tests iere made with covespégrams
calculated from thedretic&l seismograms to see if it was

possible to separate cut two phases arriving at nearly the

same time but with slightly different p-Az. Using 3 and 4
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Figure 4.1

From Cumming and Kanasewich {1966) .

CRUSTAL THICKNESS IN WESTERN CANADA
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Table 4.1

An example of the covespagrams for the P and converted PS
phases. The calculations are made for an event from the
Caribbean Sea and using the statiens EAT, MAP, SES and VUL.
The first covespagram (top) shows the arrival of the P phase
(8.2 secy/deg, 136°) at time = 4 seconds and the second
(bottom) the arrival of PS (7.8 secsdeg, 129°) at time = 8
seconds. The numbers in the matrix are the coherencies
(multiplied by one hundred) as a function of azimuth (first
column) in degrees and slowness (first row) in sec/deg.
7eroes indicate negative coherencies .

T= 4 7.50 7.80 8.10 8.u0 8.70 \
126.0 o 0 0 0 21827 1 0 0 ¢ 00 O
127.0 o 0 0 O 010 3847 19 0 ¢ C O

- 128.0 0O 42112 0 0 9 46 44 15 0 0 O

©129.0 O 0 2 62126 3 01320 4 C O
130.0 O 0 2 8 t 215 6 0 0 0 0 2
131.0 o 0 0 9 9 0 ¢ ¢ 0 O 0 0 O
132.0 10 0 0 0 1 0 0 O 0 O 0 3 1
133.0 23 4 0o 0 0.0 0 O O O O O O
134.0 o ¢ 0 0 21632 8 0 0 0 0 O
135.0 0 0 ¢ O 7 44y 74 82 5S4 14 O© O 0O~
136.0 12 0 0 0 0 4 56 92 79 46 0 0 O
137.0 0O 0 7 16 34 12 8 25 40 34 17 0 0
138.0 0O 010 6 6 3 5 0 0 0 0 0 ©
139.0 0 ¢c1116 7 0 6 0 0 0 0 4 0
140.0 0O 1 813 6 0 9 0 0 0 0 0 O

T= 7.50 7.80 8.10 8.40 8.70
126.0 0O 0 0 0 0O 0 0 320 5 0O 4 36
127.0 17 0 0 0 213 0 0 O O O C 0.
128.0.. 926 37 6 016 3913 0 ¢ 0 0 O
129.0 . 0 0 31 77 7210 31833 7 0 0 O
130.0 15 12 0 23 64 72 31 ¢ O 3 1521 0
131.0 0 20 21 13 13 31 332516 7 0 0 5
132.0 3 0 7 0 2151611 0 8 0 0 0
133.0 5¢ 16 0 O O 526 40 26 2 0 0 O
134,0 30 34 37 33 25 2 0 9223025 2 O
135.0 0O 0 0 12 43 4522 0 0 O 1 23 30
136.0 2613 - 0 0O ¢ 8 4 O O 0 0 2
137.0 5 0 1 0 ¢ 6 0 Q 0 0 0 0
138.0 2311 5 0 0 0 0o 0 O O 0 O O
139.0 011 14 15 4 ¢ 0 0 O ¢ 0 ¢ O
140.0 0O ¢ 0 0202518 0 O O O 0 O

o



stations the wmodel covespagranms were calculated for
different amplitude ratios and a mixture of two phases
éimilar to what is expected for P and PS. Some examples are
shown in table 4.2 and 4.3. It is seen in the example in
. table 4.2, that excellent séparation is obtained while for

the exanmple in table 4.3 the response pattern is such, that

a P side lobe exists at almost the same [p-Az, as expected...

for -PS. Thus separation is impossible, and consulting the
array response is absolutely necessary before picking a PS

phase from the covespagram.

Searching all the data with a reasonably good signal to
noise ratio, 7 PS phases were found in the covespagrams, and

used for model calculations. The results are plotted s a

function of azimuth for elastic waves arriving trom
earthquakes distributed in widely different directions
{figure 4.2). These values had to be compared with

theoretical 'vélues, and Niazi's tablesléould not be used,
since they do not cover the velocity ratios found in the ré
to S conversion. Instead of  following Niazi's method of
calculation a novel method was derived leading to a =simpler

algorithnm.

Define a ray vector B parallel to the ray as in figure
‘ )

1/V*(sin(I) *cos(E),sin(I) *sin(E) ,cos(I)) (4. 1)

os]
1

(Bx,By,BZ)

+The magnitude of B is 1/V, where V 1is the seismic wave
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Table 4.2 ‘ _
The array response for a single and a iixture of two phases
using the 4 stations EAT MAP SES VUL, First is shown the
response for the single arrival and below the response for a
mixture of two arrivals with different p-Az and an amplitude
ratio of 0.2. The numbers in the matrix are the coherencies
(multiplied by one hundred) as a function of azimuth (first
.column) in degrees and slowness (first row) 1in sec/degq.
Zeroes indicate negative coherencies.

. SLCWNESS AZIMUTH AMPLITUDE

4,40  272.00 1.00
4.00 4.30 4.60 4.90

260.0 0O 0 0 0 0 8 0 0 0 C ©
261.0 0 0 0 0 0 8 0 0 0 0 O
262.0 0 0 0 0 0 6 0 0 0 0 0
263.0 .0 0 8 1 0 4 0 0 0 0 O
264, 0 0 0 6 3 51 0 0 0 0 O
265. 0 0 0 610 925 7 0 0 0 O
26640 0 0 0 6261710 0 0 0 0
267.0 0O ¢ 011 2¢1¢ 2 0 0 0 O
268.,0 0 0 02935 6 0 0 0 0 0
269.0 0 0 03346 0 0 0 0 0O ¢
270.0 17 0 16680 18 0 0 0 0 0
271.0 13 0 3 64-8527 0 0 0 3 7
272.0 19 0 0609641 0 C O 0 5
273.0 13 0 0 478046 O O 0O 0 O
274.0 3 0 022602 0 0 C 0 O
275.0 0O 0 0113718 0 0 0 0 0
276.0 0 0 0 010 0 0 0 0 0 0
SLCWNESS AZIMUTH AMPLITUDE

4,40 272.00 1.00

4.60 264,00 0.20

4.00 4. 30 4.60 4.90

260.0 0 0 5 0 0135017 0 0 O
261.0 0 0 7.0 0335615 0 0 0
262.0 0 012 0 040 6317 0 G O
263.0 0 023 0 0305412 0 0 0
264, 0 O 012 0 3365018 0 0 0
265.0 0 0 7 3 73127 0 0 0 0
266. 0 0 0 0 0211913 0 0 0 O
267.0. 0 0 0 31812 C 0 0 O O
268.0 0 0 02329 2 0 0 0 0 O
269.0 0 0 02639 0 0 0 0 0 0
270.0 21 0 063 76 10 013 4 G 5
271.0 18 0 4 618020 0 112 0 18
272.0 25 0 0 59 94 3¢ 0 0 10 0 9
273.0 19 0 0 48 78 42 0 O 5 0 S
274.0 9 0 0236026 0 0 0 © O
275.0 0 ¢ 0113818 0 0 0 0 O
276.0 0 0 0 01 0 0 0 0 0 2

115



Table 4.3

The array response for a single and a mixture of two phases
using the 3 'stations EAT FOR MAP. First 1is shown the
response- ror the single arrival and below the response for a
mixture of two arfrivals with different p-Az and an amplitude
ratio of 0.2. ThHe numbers in the matrix are the coherencies
(nmultiplied %y one hundred) as a function of azimuth (first
column) -in degrees and slowness (first row) 1in sec/degq.
Zeroes ihdicate negative coherencies.

¢

SLOWNESS' AZIMUTH AMEVITUDE

7.00  142.00 1.00
1 . :
6450 6.80 7.10 7.40

134, 0 C 0 0 77014 0 0 0 0 0
135.0 22 60 85 85 80 52 17 0 0 0 O
136.0 32 49 73 58 4312 0 9 0.0 0
137.0  .0* 0 0 0 0 O 0 1305377
138. 0 0 0 0 0 0 0 14 46 74 80 84
13970 4818 C 0 0 0 0 0 0 1 O
140.0 35 7 0 0 0 C 0 0 0 0 ¢
141.0 2 00 0 82339513021 ¢
142.0 O 0 050 76100 92 70 30 0 O
143.0 0 0 20 44 48 4320 0 0 0 O
144, 0 00 0 0 0 0 0 0 0 0 ¢
145.0 0O 0 0 0 0 0 0 0 0 ¢ 0
146. 0 5122729 8 0 0 0 0 0 0
147.0 183329 8 0 0 0 0 0 0 0
SLCWNESS AZIMUTH AMBLITUDE .

7.00  142.00 1.00 |

6.70  138.C0 020 '

6.50 6.80 7.10 7.40

134.0 G 0 9262 37 5 2 0 0 0
135.0 12 54 84.94 92 71 33 ¢ 0 0 .0
136. 0 6 20 48 38 36 11 0 0 0 0 0
137.0- ¢ 0 0 0O 0 O 0 2 36 63 85
138, 0 ¢ 0 0 0 0O 0 4 35637379
139.0 7041 0 0 0 0 0 0 0 0 O
40,0 4616 0 0 0 0 0 0 0 0 O
141.0 0 0 0 0 72340513021 0
142,0* 0 0 0 45 72100 92 70 30 0 O
143.0 _ 0 0 14 39 47 4320 0 0 0 0
144, ©c 0 0 0 0 0 0 0 0 0 0
145.0 00 0 1 0 0 0 0 0 0 O
146. 0 51330130 8 0 0 0 0 0 O
147.C 15 33 € 0°0 0 0 0 0 O
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Figure 4,2 |
The observed differences in slowness and azimuth between the

P and PS arrivals. On top is seen the difference in slowness
between the P and the converted PS wave at the Moho as a
function of azimuth. Below are the corresponding azimuthal
observations. -

CHANGE IN SLOWNESS VERSUS AZIMUTH

1

g- sec/deg

0.2
- O—

"'0-2

-0.6

CHANGE IN AZIMUTH VERSUS AZIMUTH

N1 deg
© - . ' -+
ENE
. i
1 T I -
D ﬂ 180 270 \ 360

- | ;

9 ]
o-l
]
~N
- +

117



Figure 4.3
The coordinate system in which the ray vector B is defined.
The x-y plane is an interface with seismic velocity V below

and V1 above and the incoming ray approaches the interface

from below.
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velocity, and the . ray parameter p is (Bx,By) when measured
in the x-y plane. If the x-y plane is an 1interface between

*wo layers with wvelocity V1, above and V below, the ray

vector B1 above will be ?

B1 = 1/V1* (sin(I1) *cos(E1),sin(I1) *sin(E1),cos(I1))
‘Using Snell'sllaw and noting that E1=E, B1 can be written

B1 = (Bx,By, coé(11)/v1) - (4. 1)
where «cos(I1) can be calculated from cos2(I) = 1-
{(V1*sin(I)/V)2. B and p wilixdepend on the coordinate systen
in which they are measured and only if the planes in which p
is measured are parallel, will p remain the same, To fihd
+he change in p, for a ray passing a non parallel interface,
some transformations must take place (see fig 4.4). Below
the interface the ray vector is B in the unmarked coordinate
'system, B! in the primed system and B1 ' above the interface
in the marked and B1 in the unmarked system. The
relationships are |
B* = M * B = (Bx',By',Bz')
where M is the transformation matrix between the primed and
oriéinal system. Using (4.1) gives

Bi1' = (Bx',By',1/V*cos(I1'))

cos2 (I1') = 1-(Vi*sin(1')/V)=2

and I' is found fronm

cos(I*') = Bz'/1 B *'| = Bz' * V¥
Using the inverse transformation matrix M -t = gT gives
Bl = #" * Bl * and pl = (B1x,B2x)

This analysis can easily be extended to any number of non

——
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Figure 4.4

" Dipping interface coordinate system. The standard coordinate
system is x-z while the system for the dipping interface 1is
x'-y'. The z and i' axes are assumed parallei for
simplicity.
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parallel layers with any orientation,

'ﬂ\\Using the above formulation a program was written to
find the «change in p and Az for a ray passing an interface
which 1s not parallel with t he garths sea level surface. The
orientation of the interface is defined by its strike and
dip, and in general, two rotations, one around the z-axis
and one ;round the x or y axis, will give M. These two
rotations are wmost easily combined into one Euler rotation

(see appendix 3) with axis of rotation along the strike.

Tabulations of the change in p and Az as a function of
p, Az, V, V1, strike angd dip are given in appendix 2. Where
possible, results were checked against those of VNiazi
(1966). The essential features are that increasing dip. gives
increased change in [ and Aﬁ; changing p (and thereby the
angle of incidence) only affects the interface‘change in p
sligbhtly, while. the Az change increases with decreasing p
(decreasing anéle of incidence). The'p-Az cor;eétion changes

¢yclically with direction of strike, however the <correction

to p is 90° cut of phase with the correction to Az.

The results shown in figure 4.2 " were fitted
simultaneously (by eye) tc two sine functions, 909 out of
phase. The p date fit a sine curve befter than the Az
results. That is to be expected (see discussion above) since
rays with different P values were used. By éonsulting the
tables the dip was found from the amplitude of the p curve

and the strike was found from the crossover points., For the
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1974 array centered an Suffield, Alberta, the/Moﬂd dips down
294+0.5° towards the southeast (Az=140°t15°). These figures
ar€ in reasondble agreement with crustal refraction results
in Alberta _gnd 'Montana (Kanasewich (1966), Berry et al

(1971) and Ganley and Cumming (1974)}).

In 'conclusion this new technique involving a

covespagram of array data appears to be very promising in

determining the strike and dip of a major first-order
discontinuity. If the velocities are known then it may also

. be possible to find the depth.
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‘ a CHAPTER 5

MANTLE INHCMOGENRF" .

An interactive program was written which would search
for individual or pairs of seismic phases satisfying a given
set of parameters. The parameters specified the s;lection of.
desired events; <s<ismic stations; short period or long
periodbcomponents; reading of differential times from peak
to peak or initial oncset to initial onset; maximum allowable
reading error; desired anomaly range; depth and distancé
range for earthquakes and grid location of the ray center.
The output can be a numerical print-ou* or in graphical form
as a correlation matrix or map of anomalies. The\maps
include  the continenté to help identify the locations and
may alsb ‘include the statiomns, events, bottoming points of
the rays, and all or the central portion of the ray path. An
analysis dﬁ.travel time residuals as a function ofc some of

the parameters must be made first +to evaluate their

relevance.

It is a common practice to read the differential travel
times from ?eak‘to peak (written as p(ScS-S) and p(PcP-P))
instead the 1ideal which would be from indi#idual to
individual onsets (0 (ScS-S) and o(PcP-P)). If the spectral
characteristics of two phases ;uch' as P ahd PCP are ﬁof

\

similar, reading p(PcP-P) instead of o (PcP-P) could
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introduce ap error. A comparison is made of residuals from
p(PcP-P), o(Pcé-P{, p(ScS—S)‘and 0 (ScS-S) in figure 5.7. It
is evident t 1t p(PcP-P) residuals are smaller than those
from o(PcP-P) indicating mo:é high frequency content in PCP
than in P. A similar result is obtained for the 5cCS phase;
although much more scatter 1is present. The averége
difrference between o(FcP-P) and p(PcP-P) is 1.0 second and
between o0 (ScS-S) and p(ScsS-S) i: 0.3 second. Kanamori (1967)
cOmbargd the pulsé‘wiﬁths for shorf period P and PeP phases
and found PcP to be <shorter than P. He explained the
difference in terms of a lower attenuation (high Q) in the
lower mantle as compared to the upper mantle. That is, PcP
was less damped than P. A similar explanation is plausible
for the ScS and S residuals. Fortunately, the differences
due to methcds cf meaéuring differential reéiduals are small
compared to the .actual residuals and the choice 1is not
critical to our intefpretation. The o (PcP-P) and o(ScS-S) do

give the best value and they will be used whenever possible.
.'\
Mitchell and Helmberger (1973) observed that the long

Pe:icd horizontal polarized (SH) écs arrived _eariier than
the iong period radially pblarized (SV) S$cs for-epicentral
distances largér than 60 to 70 degrees. Their interpretation
was ?hat precursors to S5cS, generated as reflections off a
proposed - high velocity layer just ~above the core-mantle
boundary, arrived slightly before ScS and would be in phase
with the SH ScS and out of phase with the SV ScS. It would

then appear as if the SH ScS would arrive earlier than the
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Figure 5.1

Comparison of differential travel t . d from peak toO
peak and onset to onset. The diffe ravel times read
from peak to peak, p(ScS-S) and p(Pcr re plotted as a

function of the differential travel tim.co read from onset to
onset, o(5csS-S) and o(PcP-P).
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SV ScS. The difference in arrival time was, in general,
about one second. Bcth cur shortcand long per data was
examined . for a sihi{sr tendency. Data with ray paths having
‘approximately north orr§outh trajectories were used. Results
are shown in table 5.1. If Mitchell and Helmberger's
hypothesis is correct then the the sigﬁ in the first and
third column should be negative and increase with distance.
It is not possible to draw any concluxions from our data
regarding a high velocity.layer. It éhould be . noted that
Mitchell and Helmberger's estimated average reading errors
were twice the size qf the'meaJ\S: the anomaly they were
interpreting (figure 5.2). From the tablé it is concluded
that:the choice of using SV or SH waves for studying S5cS is

not critical.

-

The average observed travel time residuals in seconds
were found to be 0.1 for P, 2.1 for s, -1.1 for PcP and 0.7
for ScS.. Since the average P resiaual, representing the
largest number of'observafions, is close to zero, a travel
time will be considered "normal" if it is within £ 1.0
second of the J-B tabulation. S wave residuals are defined
as néﬁmal if the residual is less than 1.7 second. Slowness
is$ "normal" if tgg anomaly 1is within t 0.1 sec/deg. These
'lim;ts exclude readinqwerrors; Thus a P wvave residual of 1.3

t+ C.5 seconds will be coniidered normal. All the data used

in this study are shojm{ in figdre 5.3. The observed



Table 5.1

Comparison between the differential travel times S5ScS-S read
on the east-west and the north-south components. The numbers
listed in the first column under the heading o(ScS-S) are
the differences between the o(ScS-S) residuals read on the
east-west and the north-south components. The second column
1s the reading error. Numkers under the p(ScS-S) heading are
the corresponding differences in the p(ScS-S) residuals.
Units are seconds. Distance is the epicentral distance in

degrees.

0(ScS-S) pP(ScS-5) Distance

0.3 0.7 0.0 0.4

0.1 0.8 0.1 0.4 76
-1.5 1.7 -1.0 Cel 69 Short period
-0.1 0.7 -0.2 0.2 61 residuals
-2.0 1.2 - - 54

0.7 1.1 -C.3 0.4 33

1.0 4.0 0.0 2.0 57 Long period

- - -1.0 1.0 47 residuals.
~-0.5 2.0 -1.1 1.0 46
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FPigure 5.2

Di ference in the travel time residuals of ScS-S between the
radially polarized components and the transversely polarized
components. The figuré is from Mitchell and Helmberger
(1973). The solid lines are smoothed differences measured
from theoretical seismograms for a model having a 60 km
thick transition zone above the core-mantle boungary with a
velocity inérease of 0.5 kn/sec. The symbol; idegtify

different events.,
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Pigure 5.3

All the travel time data used in this study. The symbols
indicate the surface projections of the deepest points of
the rays. The differential residuals are marked as either
positive, normal or negative as defined in the text.
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differential travel times and p-Az data from the Caribbean
are shown in figures 5.4 and 5.5. The projection of each ray
together with its deepest point 1is plotted. A symbol is
indicating if the corresponding differential residual is
normal or significantly positive or negafive. In these plots
all the differential travel time and slowness data are shown
including o (ScS-S), p(5¢cS-S), o{PcP-P) and p(PcP-P) for
either thé two horizontgl or the vertical component, as
available. Inconsistancies, showing up as superpositions of
symbols, are few in number. Lateral change in the anomalies
shows up most clearly in the plot of the p-Az differentials.
Two sets of rays (X and Y in fiqure S5.5) having anomalies in
differential slowness and azimuth are very close to rays

with no such anomalies. Since the p-Az anomalies are

differential and the rays in the groups X and Y are very

close together at the array, +he source of the p-Az
anomalies cannot be close to the array. Previously it has
been shown that an azimuthal anomaly-is not likely to be
close to the earthquake and usingh differential p-Az
residuals greatly reduces any effect due to inhoiogeneities

in the source region. Therefore lateral _velccity gradients

must exist in the deeper mantle.

The use of differenti&l residpgls has %he.disadvantage
that the source of the residual cén )be either along the
direct, reflected, or both rays. One ﬁoséible vay of solving
that problem is to correlate fie differential p, Az or

travel time residual (R - D) with either the direct ray
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Figure 5.4 o

All the observed differential travel time residuals from the
Caribbean area including both body and shear wave data.
Shown are the surface projections of the entire rays
together with a symbol marking the deepest points of the
rays. The differential residuals are marked positive, normal
or negative according to the defination set up in the text.
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Figure 5.5 :

The array data for rays passing under the Caribbean. The
surface projections of the entire rays together with a
symbol marking the midpoints of the rays. The symbols
indicate if the differental slowness residuals .are
significantly positive, negative or normal as defined in "the
text. Arrows drawn perpendiculan to the rays give the size
of the differential azimuthal residuals (degrees) and the
directions show which way the rays are displaced.
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residual, D, or the reflected ray residual R. Assuming the
upper mantle is normal (where the direct and reflected rays
are‘close together) the following relationships would hold:
(R = D) = 1 * R ’ (5.1)
for +he velocity anomaly béing only along the reflected ray

and
.

(R - Dy = -1 * D - {5.2)
for the velocity anomaly being only along the direct ray. If
there are velocity anomalies along both the direct ~and
reflected rays the above correlations do not occur. Jordan
and Lynn (1974) found that relatigqnship (5.2) held for a
large part of‘ their ScS-S ata from the Car;bbean and
therefore conclsded that the velocity anomaly was along the
S- rays. Since our data from the Caribbean covers a much
larger area than that of Jordén gnd Lynn it was not possible
to fit any one of the abcve equations to all the data.
Therefore an analysis was made *o.classify each anomalous
diff rential residual as originating either along the direct
or reflected ray or being undefined. By 'plotting .all ‘the

s
thereby identified residuals it was hoped that they would

group in a simple geographical pattern.

The principles for classifyinyg the residuals are given
below. If only travel times were available, normal
differential residuals were discarded. Of the remaining
residuals, those which fitted either of the.correlation
equations withih 0.5 second (excluding reading errors), were

usad. A negative residual was considered a indication of an
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high wvelocity region close to the ray center. If both p-Az
and travel time residuals were available, the p residuals
had priority in determining the origin of the anomaly.
Anomalous differential p residuals were used if they fitted
either one of the correlation equations within 0.05 sec/deg
excluding reading errors. A negative residual 1in p was
interpreted in terms of a high velocity anowmaly. In
ambiquous cases (fit to both correlation equatiéns) the
travel time and azimuth residuals were consulted. Assuming
that the source of the azimuthal anomaly was plose to the
center  of the ray a first order correction to the
corresponding travel time residuals was made. If the travel
time residuals, according to the above rulie, gave a clear
indication of which ray was the main source of the anonmaly,

and in agreement with the interpretation of the slowness

anomaly, the data was used.

In several cases there was excellent agreement between
the 1interpretation using the p-Az and travel time data. The
results from the Caribbean area are plotted in fiqures 5.6
and 5.7. It is seen that the majority of reflected ray
residuals are located in the southern part of the Caribbean,
Central America'and the northern portion of South America.
Most of the direct ray reéiduals are north of 309 latitude

in the USA. Tt is interesting to examine the correlat: :n

plots for all the residuals related to these two areas. More

specifically, the northern area was chosen to be bétween

latitude 309 to 409 north and 65° to 959 east. The $outhern,



Fiqgure 5.6
Velocity anomalies alcng the reflected rays. The central 10°

of the surface projecticne of the entire rays are marked to
indicate if the velocity anomalies are positive or negative.
The results on the map to the left are obtained fron
observational data (this study) while the results on the map
to the right are derived from the published data.
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Figure 5.7

Velocity anomalies along the direct rays. The central 10° of
the surface projections of the entire rays are marked to
indicate if the velocity anomalies are positive or negative.
The results on the map to the left are obtained from
observational data (this study) vhile the results on the map
to the right are derived from the published data.
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area was between 5° to 20%# orth and 659 to 95° east. The
correlation plofs tox fhe Southern area is shown in figuré
5.9 together wlth the «corresponding sample correlation
coefficients., The fiqures indicate that +he residuals are
most likely due to ancmalies along the reflected ray. For
the shear waves the sadple correlation coefficients are 0.78
versus -0.03 and for the compressional waves (0.84 versus -
0.0§. This result is in contradiction with the study of
Jordan and Lynn (1974) for‘ the same area. Their ’ScS-S
differential travel time results (figure 5.9) indicate that
the anomalies were alonyg the direct ray (samble cor;elation
coefficient of =~0,86 versus =~0.11). The main difference
between the two studies is that Jordan and Lynn used long
period seismic waves while this study uses prédominantly
short period data. Therefore it seems possible that the
higher resolﬁtion, ~cbtained using short perind data, makes
it possible to detect smal;er scale ancmalies r~noticed with

the long period waves. From the northern area both p-Az and

travel time residuals are available (figure 5.10). The

o

sample correlation coefficient for the slowness indicates
that the anomalies are predominantly alongAthe direct ray (-
0.97 versus 0.78). Note that -although the coefficient of
0.78 is relatively high the slope-of the line is not 450 as
it should be., In faét,vthe Pcp ;esiduals are negligible. ‘All
the rest of the sample correlation coefficients favor the

reflected ray. The S wave residuals are insignificant " as

comty i to the size of the measured errors and correlation
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Figure 5.8

Correlation plots tor the southern Caribbean area. Pcp-p,
Scs-s, Pcp, Scs, P and S are travel time residuals in
seconds. The number shown on each figure is the sample
correlation coefficient. The dotted line gives the ideal
relationship between the residuals.
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Figure 5.9

)

Correlation piot$ of shear wave residuals from Mitchell and

the S versus

shown scs-S

Helmberger (1973). On top is

residuals - and below the ScS versus ScS-S residuals. Circles

and squares denote times from two different events. The

sample correlation coefficients are rs and r%CS'
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Figure 5.10
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was meaningless. Among the P wave residuals only two are
large but since the same rays have slowness residuéls these
afe used predominantly in thé interpretation. The azimuth
residuals clearly originate alcng the reflected ray (¢.78
versus 0.0Y), and since the residuals are consistantly
j‘ﬁegative, the} might indicate a wide spread horizontal
velocity gré:d4

G
o

are velocity anomalies both along the direct and

Thus there

reflected rays and that might explain why the sample
correlation coefficients are not significantly different for

the travel time residuals for the direct and reflected raye.

pata from two other studies are available for rays
passing under the Caribbean. Mitchell and Helmberger (1973)
published = 35 ScsS-S cbserved travel times and the
corresponding S residuals. The ScS residuals are calculated
here and interpréted for the first time. Jordan and Lynn
(1974) used 45 ScS-S, ScS and S residuals in their study of
velocity anomalies under the Caribbean. Both studies give
" the residuals relative to the Jeffreys and Bullen tables,
and are directly comparable to our results. The data were
required to have a minimum ScS-S residual of 1.7 second and
to have' a good co?rélation (yifhin 1 second) betqeen Scs-S
and ScS or S fesiduals. Thus aljl residuals with uncertain
origih of _thelanomalies ahd normal data were rejected. The
"results are plot;ed in figures 5.6 and 5.7 and if is seen

that there is a reasonablae agreement between our

observatioens and the published residuals in the few cases

t perpendicular to the reflected ray path.
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where they overlap.

A summary has Dbeen made' in figure 5.11 showing the
central 10° of all direct rdys having a significant anomaly.
Results from some other studies are indicated as well. The
two dashed 1lines mark bottoming Eoints and direction of P
rays having a negative azimuthal residual (ﬁates (197¢6) ,
Wright (1973)). A downgding PcP ray from this study also
éhows a strong négative azimuthal residual for a trace
coinciding with Wright's resul%. Davies and Sheppard (1972)
showed that low vglues of slowness for P rays exist for rays
5ottoming under the eastern.part of the Caribbean.’similarly
Bates (1976) found low slowness values for rays bottoming
under the ﬂorth-eastern part of the C;ribbean. The simplest
interpretation is that there is a high velocity anomaly
along the deepest points of the rays. Combining all the
data, it seems that the mantle sampled by the direct rays
under the Caribbean is relatively simple. To‘the east there
is a high velocity region, which over a short distance,
changes lateraliy to a 16w velocity zoné under Central
America. Both the low and high velocity regions seem to

extend well into the southern United States. Such a lateral

.

)
velocity gradient will also explain the observed azimuth

residuals. The debth of the anomalous zone is about 1000 -
2000 km and the horizontal dimensions seems to be about 2000

km. The azimuth residuvals of Bates and Wright are about 4°,
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FPiqure 5.11 _
A summary of all the velocity anomalies along the direct

rays from the Caribbean area. The central 10° of the surface
projection of the ray paths are marked to indicate whether
the velocity anomaly 1is positive or negative. The dotted
lines mark strong azimuthal anomalies, which displaces the

rays to the east.
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An attemp{ will be made to estimate the velocity contrast
required between the areas with high and normal velocity.
The radius of curvature, R, perpendicular to a velocity
gradient dV/dx’in £he direction of the x-axis, is R=V*dx/d9,
where V is the velocity. If the ray length through the
region with the velocity gradient, is D, then to a first
approximation, the angular deviation of the ray is D/R - and
the azimuth deviation, A, as seen by the reciever is A=D/2R.
Assuming the velocity pertubation, AV, measured in percent,
occur; linearly over a distanée L in the x-direction, the
azimuth deviaticn is |

A= 0.5 4% p * AV/L ' (5. 3)
The ray acquires an anomalous travel time, measured as the
residual Tfes, given hy Tres=D*AV/V. Combining the +two
equations gives

D * AV = Tres * V = 27 * L (5. 4)
Since Tres, vV, and A are known, it is possible to get an
estimate of L. Using Tres=3 seconds, V=6.7 km/sec and Az=y4©°
it 1is found that L=150 km. Prom the above equation it i;
seen that D and AV cénnot be determined simultaneusly.
However D caq be estimated to be about 1500 km from fig

4

5¢.11. Therefofé the velccity pertubation must be about 1,3%.°
Since a positive vélocity anomaly would give a similar
travel +time residual the velocity contrast between the

Central Caribbean region and the Central America region 1is

about 2 to 3%.

Since there 1is a reasonable alount of 'of seismic data
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from dirsct P and S phases to depths of 2000 km it  will be
assumed that anomalous PcP or Scs traveiatines indicate
possible velocity anomalies at depths of 2000 to 2900 kn.
The type of velocity anomaly is indicated on the central 109
of the ray path (figure 5.12) and this corresponds to a 700
km path length extending to about 300 km above the core-
mantle boundary. A projection of tﬁe entire ray path is
shown since the anomalies may not be restricted +to the
Central part. The intersection of several ancmalous réys
serve as a method for defining. the location of the
anomalies. The results appear to indicate that in the lower
mantle the anomalies have shorter wavelengths than in the
‘pper mantle. As mentioned earlier, bunmgs on the core-mantle
boundary cannot be larger than 5 to 10 km. Since the maximunm
scatter  in the ScS5-S residuals is about 7 seconds,
variations in the elevaticns of fhe core cannot explain the
results. It must be concluded for the results presented here
that lateral velocity anomalies seem to exist in the lower
mantle. Assuming that the anomalous region in the caribbean
has wavelengths of about 700 km and using a typical ScsS-S
residual of 3 secdnds, the corresponding velocity

perturbation would be 3%.

Data from cther parts of the world

~Data contained in 84 published papers were found to be

of value in this study. None of thenm ~had previously been
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Figure 5.12
A summary of all the velocity anomalies along the reflected

rays pass@ng under the Caribbean area. The central 10° of
the surface projection of the ray paths are marked to
indicate whether the velocity anomalies are positive or
negative.
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"us2d for research in lateral inhomogeneities in the lower
mantle. Listed in table 5.2 are the phases given, the number
cf differential residuals N, the travel time table relative
to which the residuals ueré calculated ffiy the authors. The
first 3 studies covers a large part of the northern
hemisphere while the fourth one focuses on a relatively
small area in the Southeast Pacific. The map in figure 5.13
shows ray paths procjected on the surface of the earth for

all the data in table 5.2.

Buchbinder and Popinet used used two nuclear explosions
listed in table 5.3 togéther with the average travel time
reéiduals. The Novaya Zemlya event has domi;gntly positive P
residuais while the Amchitka event has negative residuals
for both P and PcP which may .indicate a source anomaly.
Mitchell and Helmberger's data for a Sea of Okhotsk
earthquake has predominantly positive S and Scs residﬁals,
also probably due to a source anomaly. In all cases the
average differential residuals are significantly closer to
zero than those for the ccrresponding direct phase. Tﬁe area
covered by the data involve major portions of the northern
hemisphere and, as expected, sample correlation coefficients
are low aﬁd do not allow cne to place the anomaly wuniquely
along either the dikrect or reflected ray. Consequently only
differential residuals will be used to idenc_.y anomalous
regions. anywhere iﬁ the middle and lower mantle. Since the
data is-faifly ﬁell,distributed geographically the average

differential residual for each group will be considered
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Table 5.2

The world-wide data. The travel time residuals are given for
the phases shown under "Phase"®., N is the number of

differential residuals.

Phase ‘IN Travel ti@e tase . Authers

PcpP-pP 102 Modified Herrin Engdahl and Johnson (1974)
Pcp, P 86 Herrin ﬁuchbinder and Popinet (1973)
Scs-s,S 11 J-B | Mitchell and Helmberger (1973)

scs,Ss,P 67 J-B Choudhury at al (1975) \



Figure 5.13

All the rays from the world wide travel time data. The
entire surface projection of the ray traces together with a
symbol marking the deepest part of the rays are shown. The
differential residuals are marked as positive, negative or
normal according to the definition in the text.

A Negative

+ Normal

(M Positive
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Table 5.3 o

The average travel‘time residuals (seconds) for the world-
wide data from the northern hemisyp 2re. The residuals giveﬁ
gre for PcP' (ScS), P (5) and PcP-P (5¢cS-S), values in
parentesis are for sheqr waves. N 1is the -number of

residuals. Note that the Engdahl and Johnson data give only

+he differntial residuals.

Location of the event N P PcpP pcb~p
or the auther.

Novaya Zemlya
Amchitka
Sea of Okhotsk

*

Engdahl and Jchnson
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"norma;" aﬂd only data differing significantly (1.4 second
for EcP-P and 2.3 seconds for ScsS-S) from the average are
replotted on the map in figure 5,14. There does not seem to
be any obvious correlation between the ancmalous rays and
surface features. The differential residuals indicate that
lateral velocity perfurbations exist as a world wide
phenoménon in the middle and lower mantle. It is also clear
that much more data is necessary.to resolve the details of

<

the anomalous regions.

éhoudﬁury et al (1975) used shorf period. ScS-P travel
time arrivals frqp events at uidely varying depths to show
the existence of lateral inﬁbmogeneities in the upper 250 knm
of fhe mantle. A calculation is made here of ithe ScsS-s
residuals from the published data té see if this gives any
indication of lowér mantle inhomogeneities. The déta
consists of ‘three grcugs of events all recorded at the
station DRV in Antarctica, (figure 5.15). The botfoming
points of the rays, in each group, are.séparated'up to 300
km. Choudhury et al showed the existence of s velocity

anomalies in the source region by correlating the depths of

the events with ScS-P residuals. Events below a certain

depth for each group : did not show such a correlatiop and.

these are used for differential residual computations to
search for lower mantle anomalies. The average residuals for
the 3 groups are 1listed in table 5.4. The P travel fime
residuals for both depth groups éhov no significant

differencesl between the 3 ray groups indicating that there
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Figure 5.14

The anomalous world-wide ray paths. o

The entire surface projection of the anomalous ray paths are
shown. The central 10° is marked to indicate if the
differential travel time residual is significantly larger
(positive) or smaller (hegative) than the average
differential residual.

8

A Negative

/
P

5
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0 Positive
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Table 5.4

Average travel time residuals for rays iR the southeast
_Pacific. ‘Residuals (secc °) for P, S, ScS and ScS-S are .
G T

given as a function of depth, h, (km) and 1location of the

earthquake,

Location Depth range Number P S ScS ScS-S

Banda Sea h < 500 14 -0.6 =-1.1 =2.6 -1.5

Banda Sea h > 500 5 -1.1 -=2,2 -1.4 0.8
. o

Fiji h < 500 6 -0.3 0.9 1.7 0.8

Fiji h > 500 22 -1.0 -2.0 -1.3 0.8

New Hebrides h < 150 11 -0.7 3.3 3.7 0.5



Figure 5.15

All the rays originating in the Banda Sea, New Hebrides and
Piji regions are shown. The surface projections of the
entire rays together with a symbol marking the deepest point
of the ray are plotted. The symbol indicates if the
differential ScS-S residual 1is significant positive,
negative or normal according to the definition in the text,

@ Positive + Normal A Negative
0° S
, New Hebrides
BFndo S Fiji

30° s L ‘ : 7S

60°S “

I80° E

i



are® no large sgﬁle lateral variations in the P velocities of
the elastic waves. The shear wave data is nuch more
significant becauSe we can’ interpret differential travel
time anomalies of S!S and S. The average ScS and S residuals
ror the Fiji and Banda Sea group of events are almost
identical for the deeper e€vents, Thus, no large scale middle
of lower mantle shear Qelocity heterogeneities are evident.
Choudbury et al found a re%ion of low S velocities to a
depeh, of 150 km under the New Hebrides source region, which
aise show up clearly in the S and SCS residuals. Compared t-»
rays from .the two other regiens the S, and to a lesser
Aeii%nflféhe Scs, phases are sLow. This 1s also true for the

’

d&%pect events 1n>th1c group (naxiawum depth is 246 km). so

*ﬁu lov S VelOthY Zong ﬁust extend "well below the seismic

- zone., The dlfferenuc in tha\ScS-S residuals, for events in
the deeper nroup, betwoen the New Hebrides data and the two
other data sets musa orlglnate at a depth where thelksv and
+ SCS rays are well éeparated. This must be below the Benioff

Or subduction zone.

For an error in focal depth&pf 10 km for an earthquake
at a depth of 350 kuw and an epir ntral distance of 500 the
error in ScsS-S differential times 1% only 0.3 second. An
epicentral mislocation cf 0.10 would: change/ the Se¢S-5S
residulal by 0.7 secohd (J-B tables). Since these values of
mislocation are typical upper llmlts the largest poss1blev
difference in Scs- S/ re51duals -should ’'be 1(0.3. + C.7 ;
C.l(reading error))‘ = 'i 1.4 seeonds. Téble 5.5 shows the

“>~u;-
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Table 5.5

Maximum absolute range of the Scs-s travel time residual:
{seconds) for events in the southeast Pacific given as a
function of fhe depth, h, (km) and location of the

earthquakes.

Location Depth range |maX(ScS—S) - min(ScsS-S) |
Banda Sea h < 500 1.4

banda Sea h > 50¢ 1.1

Fiiji h > 50¢

Fiiji h < 500 _ .

New Hebrides h < 150 10.1

New Hebrides h > 150 4,3



ERL

R

£

maximum absolute range of the ScS-S residuals within the
different ray groups and figure 5.16 shows the residuals of
the rays in the deeper ray groups as-a function of depth and
longitude of the earthquako.'No obvious correlation is seen

of the residuals with the earthquake location, but table 5.5

shows that 1in all cases do the scatter in the residuals

decrease using deeper events. This indicates that the

fluctuations are source related. The Fiji and New Hebrides
data show much more scatter (figure 5.16) than the Banda Sea
data and in all cases the scatter 1is 1larger than 1:u
seconds. This means that small scale inhomogeneities must

exist below the seismic zcnes at Fiji and New Hebri®es, but

possibly not below Banda Sea. Since the rays for that area

“a
"are leaving the seismic zcne at a right angle to the strike

of the decending plate the Banda Sea data'vill be less
sensitive to source inhomogeneities than the rays from the
two other regions where the strike of the downgoing plate is
at an angle or nearly parallel to the rays. Once again it
must be concluded that the most likely 1location for these
anomalies is along the downgoing rays close to the

subduction zone where the rays with extreme values have the

gyreatest separation.
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Fiqure 5.16

SC5-5 travel time residuals for the deepest events fron
Piji, Banda Sea and New Hebrides plotted as a function of
depth and longitude of the earthquakes. Depths are plotted
versus longitude (positive east) at the tails of ghe arrowvs.,
The length of the arrow is the size (sec) of the‘residual,

positive if the arrow points up and negative down.
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CCNCLUSTION

The continental segments, and therefore the
lithosphere, have been shown to be highly organized in time
and space for the entire Phanerozoic . Only 6 to‘9 major
‘:plates are necessary to describe satisfactorily the  main
geologicai events in thg @aleoFagnetic rec nstruction of the
continents, It ' is difficdlt to conceive of an upper ;antle
convective sy: ~»m, or another driving mechanism, which will
produce plates with dimensions of 60 to 180 degrees which
are stable over a time scale of several, hundred million
yed;s. Therefore the evidence seems *o be irrefutable that

mantle-wide convection was present. The order of the

convective system varied very little during the entire

Phanerozoic . A third order system was present during the

Lower Paleozoic Era . The intense world-wide Caledonian

Orogeny appears to have’ resulted from a- change in convectlve

pattern to a qecond order system, Thls uaé respon51ble for
the formatlon cf the super continent Pangaea . The close of
. the Mesbzoic.Era was mafked by a second transition from a
a i
2nd order convective systen to a 3rd order one,
Geologically, this was also‘acconbanied by an vincrease in
tectonic activity on a vorld-wide basis. Piﬁally, it is
concluded that the ten principles for plate tectonics are ;
valuable guide for the —reconstruction of the geological

past. If further observational evidence supports then, they

may be of assistanée in modelling the Precambrian Era .
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Numerous publications have indicated the existence of
mantle wide lateral inhomogeneities which, all taken
together, are difficult to explain without assuming movement
in the ' mantle. This study has presented fﬁrther evidence
fro@ISQismology for lower mantle inhomogeneities of Dboth
large and small scale. A method of using not only
differential travel times but also differential slowness and
azimuth residual for core reflected phases proved useful in
determining the laogation of the anomalies. On a global scale
lateral inhomogenéities in the mantle do exist but only in
areas with a iarge number of of rays sampling the ﬁantle was

e .
it possible to estimate the location of the anomalies. Since
both large and small scale seismic anomalies exist under the
Caribbean and the anomalies in the Southeast Pacific seem to
indicate the \Eontinuation of ﬁubduction vell below the
Benioff  zone the hypothésis of mantle wide convection must
be considered seriously. Many more studies with new station
and array locations are necessary to establish if a world

wide pattern of seismic inhomogeneities in the mantle |is

consistant with the hypothesis of mantle-wide convection.

The v;zue-of seismic array studies has been c_"ablished

in two new directions. The first is tﬁe use of differential

slowness and azimuth residuals- for PcP and P phases. The

second is the use of a covespa analysis on both vertical and

horizontal detectors to measure the slowness and azimuth of

<
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the direct P wave and the PS conversion at prominent first
order discontinuities. As- a specific application it was
possible to to compute the dip and strike of the Moho

discontinuity in Southern Alberta.



REFERENCES

\

Aki, X., Huebye, E., Christofferson, A. and Powell, C. 1974,
Three dimensional seismic velocity anomalies in the
crust and .upper mantle under the U.S.G.S. California
seismic array. Trasactions, American Geophysice. Union
56, pp. 1145,

Al-Khafaji, S.A. and Vincenz, S.A. 1971, Magnetization of
the Cambrian Lamotte Formation in Missouri.
Geophysical Journal of the Royal Astronomical Society,
24, 175-202.

Alexander, S.S. and Phinney, R.A. 1966. A study of the core
mantle boundary using P " waves diffracted by the
earth's core. Journal of Geophysical Research, 11,
5943-5958. :

Anonymous. 1964. Geolcgical Society Phanerozoic time scale
1964. Geological Society of London Quarterly Journal,
1_2_9’ pp. 260-262. ’ ‘

Athavale, ReNeoy Hansraj, A. ~ and Verma, R.K. 1972.
Palaeomagnetism and age of Bhander and Rewa sandstones
from India. Geoptiysical Journal of the Royal

) Astrnomical Society, 28, pp. 499-509. .

Atwater, T. 1970 Implications of plate tectonics for the
Cenozoic tectonic evolution of Eastern North America.
Geological Society of America Bulletin, 81 , pp.3513-
353¢6. _

Atwater, T. and Molmar, P. 1973. Relative motion_ of the
Pacific and North American plates deduced from sea-
floor spreading in +the Atlantic, 1Indian and South
Pacific Oceans. Proceedings of conference on tectonic.
problems of San Andreas fault systems (ed. Kovach,
R.L. and Nur, A.). Stanford University, pp. 136-148.

Au, “C.Y.D. 1977. Lower mantle P wave travel time under Asia.
Thesis, the University of Alberta,. Edmonton.

Barron, E.J., Harrison, C.G.A. and Hay, W. 1977. Positioms
2 of Southern Continents revised. Ar -‘ican Geophysical
Onion, Transactions, 58, pp. 502, '

Bates, A.C. 1976. Slowness-Azimuth measurements and P wave
velocity distributicns. A thesis at the University of
Alberta. .

Baumgardt, D.R. and Alexander, S.S. 1976. Evidence for
lateral heterogeneity in the lower” mantle beneith

163



continents and oceans from PcP-P residual anomalies.
Transactions, American Geophysical Union, 57 -F 283.

¥
- Berry, #4.J., Jocobic, W.R., Niblett, Eqﬁ(;énd SQA:e R.A.
' 1971. A review of geophysical %4udies in.Ys¢Yanadien
cordillera. Canadian Journal of RBarth Scieﬁ%es, 8, PP.

788-801. AN
Berteussen, K.A. 1975. | Array analysis of lateral
inhomogeneities in the deep mantle., Earth and

Planetory Science Letters, 28, pp. 212-216.

Best, W.J. and Jochnson, L.R. 1974. ScS and the mantle
beneith Hawaii. Transactions, American Geophysical
Union, 55, pp. 1147,

Briden, J.C. and Irving, E. 1964. Palaeoclimatic spectra of
sedimentary palaeoclimatic indicators. In  Nairn,
ALE. M., ed., Problens in palaeoclimatology.
Interscience, N.Y., pp. 199-250.

Briden, J.C., Smith, A. Gilbert, and Sallomy, J.T. 1970. The
geomagnetic field in Permo-Triassic time. Geophysical
Jourual of the Royal Astronomical Society, 23, pp.
101-117, '

Brown, R.J. 1973. Azimuthally varying P-wave travel;time
residuals in ¥ennoscandia and lateral inhomogeneity.
Pure and applied gecphysics, 105, pp. 741-758.

Buchbinder, G.G.R. 1968. Amplitude spectra of Pc. a d P

phases. Bulletin of the Seismological Soci. - of
America, 58pp. 1797-18&?.

Buchbinder, G.G.R. and Popinet, G. 1973. Problems related to
PcP ~and +the core-mantle boundary illustrated by two
nuclear events. Bulletin of the Seismological Society
of America, 63, pp. 2047-2070.

Bugayevskiy, G.N., Nersésov, I.L. and Rogozhiha V,A. 1970,

Horizontal inhomogeneities of the  upper. mantle in

Jcentral Asia. Akadamia Nauk SSSR Izvestia Physics of
the Solid Earth. pp. 103, .

¢

Bullard, E.C., Everett, J.E. and Smith, A.G. 1965. The fit
of the continents arcund the Atlantic. In Symposium on
continental drift. Philosophical Transactions of the
Royal Society, London, A258, pp. 41-51.

Bullen, K.E. 1965, An introduction to seismology. Cambridge
at the university press.

Chamalaun, T. and Roberts, P.H. 1962. The theory of
convection in spherical shells and 'its application to

164



the problem of thermal coavection in the earth's
mantle. In Continental Drift (ed., S.K. Runcorn).
Acadenmic Prgss, New York, pp. 177-194,.

Chandrasekhar, S. 1961. Hydrodynamic and hydromagnetic
stability. Oxford Univ. Press, pp. 220-271.

Chinnery, M.A. 1969. Velocity anomalies in the lower mantle.
Physics of the Earth and Planetory Interiors, 2, pP.
1-10.

Choudhury, M.A., Popinet, G. and Perrier, G. 1975. Shear
velocity from differential travel times of short
period ScS-P in New Hebaides, Fui-Tonga, and Banda Sea
Regions. Bulletin of the Seismological Society of
America, 65, pp. 1787-1796. '

Churkin, M. Jr. 1969. Paloeozoic tectonic, history of the
Arctic Basin north of Alaska. Science, 165, pp. 549~
555.

Churkin, M. Jr. 197Z. Western boundary of the North American
continental plate in Asia. Geological Society of
America Bulletin, 83, pp. 1027-1036, '

Cooper, A.K., School, D.W. and Marlow, M.S. 1976, Pl e
tectonic model for the evolution of the eastern Be..ng

Sea Basin. Geological Society of America Bulletin. '
pp. 1119-1126. ‘

Cumming, G.L. and Kanasewich, E.R. 1966 Crustal struc u-e in
western Canada. Report, Department of Physics. fThe
University of Alb ~ta, Edmonton.

' /
bavies, G.F. 1977. Whole-mantle convection and plate
tectonics. Geophysical Journal  of the Royal
Astronomical Society, 49, pp. 459~-486.

bavies, D., Kelly, E.J. And Filson, J.R. 1971. Vespa process

13.

Davies, D. and Sheppard, R.M. 1972, Lateral heterogeneity in
the earth's mantle. Nature, 239, pp. 318-323.

Deutsch, E.R. and Rao, K.V. 1977. New palaeomagnetic
evidence fails to support rotation of western
Newfoundland. Nature,. 266 , pp. 314-318.

Dewey, J.F., and Bird, J.M¥. 1970. Mountéln belts and the new
global tectbnlcs. Journal of Geophysical Research, 15,
pp. 2625- 26417, - .

Doornbos, D.J, 1976. Characteristics of lower mantle

for analysis of seismic signals. Nature, 232, pp. 8-

165



inhomogeneities from scattered waves. Geophysical
Journal Royal Astronomical Society, 44, pp. 447-470,

Dziewonski, A.M., Hager, B.H. and O'Connell R.J. 1977. Large
scale heterogeneities in the lower mantle. Journal of
Geophysical Research, 82, pp. 239-255.

pziewonski, A.M., Hales, A.L. and Lapwood, E.R. 1975.

" parametrically simple earth models consistant with

geophysical data. Physics of the earth and planetary
interiors, 10, pp. 12-48.

Flsasser, W.M. 1969. Convection and stress propagation in
the upper mantle, In The Application of Modern Physics
+o the Barth and Planetary Interiors {ed. Runcorn,
S.K.}{ pp. 223-246, Wiley, New York.

Engdahl, E.R. 1975. Effects of plate structure and dilatancy
on relative teleseismic P-wave residuals. Geophysic
Research Letters, 2, pp. 420-422.

Fngdalh, E.R. and Johnson, E.J. 1974, Differential PcP
travel times. and the radius of the core. Geophysical
Journal Royal Astronomical Society, 39, pp. 435-456.

" Evans, M.E. 1976. Test of the dipolar nature of the
geomagnetic field throughout the Phanerozoic tine.

Nature, 262, pp. 27¢6-2717.

-

Faller, A.M., 6 Briden, J.C. and Morris, W.A. 19177.
pPalaeomagnetic results from the Borrowdale Volcanic
Group, 'Bpqlish Lake District. Geophysical Journal of
the Roye¥eAstronomical Society, 48, pp. 111-121.

risher, R.A. 1953. Dispersioa on a sphere. Proceedings of
the Royal Society cf London, A217, pp. 295-305.

Fisher, R.L., Sclater , J.G. and McKenzie, D.P. 1971
Evolution of the Central Indian Ridge, Western Indian
Ocean. Geological Scciety of America Bulletin, 82, pp.
553-562. '

‘French, R.B., Alexander, D.H. and Van der Voo, R. 1977.

paleomagnetism of Cambrian intrusives from Colorado,

submitted to Geological Society of America Bulletin.

Ganley, L.C. and Cumming, G.L. 1974. A seismic reflection
model of the crust near ‘Edmonton, ' Alberta. The
canadian Journal of Earth Sciences, 11 pp. 101-109.

Gutowski, P.R.H. 1974. Seismic array investigation of the
upper and lower mantle. Ph. D. thesis. The Univeristy
of Alberta. .

166



. K
S “ .
. e,
. f L v ]

‘”f,Cutowskl, P.R. and Kanasewich F.R. 1974. Velocity spectral
evidencé of upper mantle discontinuties. Geophysical

Journal Poyal Astronomical soceity, 36, pp. 21-32.

Hales,‘A.L., Cleary, J.R. and Roberts, J.L. 1968. Velocity
distribution in the lower mantle. Bulletin of the
Seismological Society of America, 58, pp. 1975-1989.

a3

‘Hales, A.L. and Roberts, J.L. 1970. Shear velocities in the

lower mantle and the radius of the core. Bulletin of
the Seismological Scciety of America, 60, pp. 1427-
1“36- ;

Hailwood, E.A. 1974, Palaeomagnetism of the Msissi Norite
(Morocce) - and  toi- ‘Palaeozoic reconstruction of
sondwanaland. Earth and Planetary Science Letters, 23,
pp. 376-386. -

. Harrington, H.J. 1962, Palaeogeographic ‘development of South

America. . American Association of Petroleum .Geologists
Bulletin, 46, pp. 1773-1814. ‘

' "‘I‘ : - -
Heirtzlér, J.R., Dickson, G.O., Herron,- E.M., Pitman, W.C.

and Le Pichon, 'X. 1968. Marine anomalies, geomagnetic
field reversals and motions of the ocean floor .and
continents. Journal of Geophysical Research, lé'{fPZ
2119-213v. . o~

_Herrin, E. and Taggart J. 1968. Regional varriations in P

travel times. Bulletin .of Se ' smological Society of
America, 58, pp. 1325-1337. !

Herfin, z. and Taggart,yd. 1968. Source bias in epicenter
determination. Bulletin .of the Selsmologlcal Society
of America, 58, pp. 1791-1796.

.Herron, E.M. 1972. Sea-floor spfeading and  the “Cenozoic

history of the East-Central Pacific. Geological
Society of America Bulletin, 83, pp. 1671-1692.

Hess, H.H. 1962. History of ocean basins. In . Petrologic
- studies: ‘(ed. ¥ngel, A.J., James, H.L. and Leonard,
& yolume, pp. 599-620.

Husebye, E.S. 1969, D;reéf measurement of dT/d , Bulletin
« 0of the Seismological Society of America, 59, 717-721.

Husebye, E.S., Kanestrom, R. and Rud, R. 1971. Observations
of vertical and lateral P-velocity anomalies in the
earth's mantle wusing the Fennoscandian continental
array.. Geophysical Journal Royal Astronoaical Society,
'25, ppe. 3~ 16

o B.F.). Geological Society ‘of America, Buddington’

167



168

. .Husebye, . E.S. and King, D.W. 1976. Precursors to PKiKP and
- " seismic -wave scattering near the core mantle ‘boundary.
.Journal of Geophysical Research, 81, pp. 1870-1882. ..

Trving, E, 1960a. Palaeomagnetic pole: positions, Part I.
GeoPhysical Journal of the Royal Astronomical Society,
3, pp. 96-111. )

Trving, E. ‘186Cb. Part IT. Ibid., 3, pp. 444-449,

Irving, E. 1961, Part III. Ttid., 5, pp. 70-79. ‘
Irving, Ew 1962a. Part Iv. Ibid., 6, pp. 263-267.
Irving, EB.  1962b. Part V. Ibid., 7, 263-274.

Irving, E. 1965. Part VII. Ibid., 9, pp. 185-194.

’ . % '
Trving, E. 1964, Palaeomagne*igm and its application #*o
geological and geophy=ic¢al problems. John Wiley and
Sons Inc¢., ‘New York, 399 pp.-

&0 v
%

Irving, LE. and Scott, P.M. 1963. Palaeomagnetic directﬂbns
and pole positions, Part VI, Geophysical Journayg of
the Royal Astronomical Society, 8, pp. 249-257,

+Isacks, B., Oliver, J. -and Sykes, L.R. 1968. Seismology{and
the new global tectonics. Journal of Geophysycal

Research, ;;, pp- 5£55-5899.

. L
ﬁQéabacob,, KeH. 1972. Global imrpliations of anomalous seismic P £
. travel times from the nuclear explosion Longshe
gp' y Journal of geophysical Recsearch, 17, pp. 2556-2573
) Jeffreys, H. = and  Jeffreys, ~ B.S. fﬁ946; Methods
mathematical physics. Cambridge at ”theQIUniver§iLJ

Press.
o v T ' PR
‘Jeffrews H. and Boéllen, "K.E. 1967. Seismological tables. . g
British Association, London. - \ e o .
) ' . : . ’ B4
Johnson, L.R. 1967. Array measurements of P velocities in G
oo the upper mantle. Journal of Ge%ﬁh}ﬁicalfResearch;-lg, s
‘pp. 6309-6325. : . .fiﬁfg :

- . N .

Johnson, L.R. 1969. Array measurememts of P velocities in
the lower mantle. Bulletin o the , Seismological
Society of America, 59 pp. 973-1008. .

Jordan, 1T.H. 1975. Lateral he{erogeneity and = mantle
dynamics. Nature, 227, pp. 745-750. e ‘

Jordan, T.H. and Lynn W.S. 1974. A velocity anomaly in - the
lower mantle, Journal of Geophysical Research, 19, pp..

Nl



169

. 2679-2685.

Julian, B.R. and Sengupta M.K. }i&i. Sedsmic travel time

"®vidence for lateral inhomogen®ity in the deep mantle.

ly}; Nature: %#g, PP. 443-d47. - S e

“ Kaﬂamo;g, H. 1967. Spectrum of P and PcP in relation to the

. - ‘#antle-core boundary and attenuation in the mantle.

' - rnal of geophysical Research, 72, pp. 559-571. ‘

Kanasew. ., E.R., 19Y66. Deep crustal structure under the

% plains and rocky mountains. Canadien Journal of earth

sciences, 3, pp. 937-945, ,

Kanasg}iqh; E.R. 1976. Plate tectonics and planetary .

"7 convectiome Canadian JQurnal of Earth Sciences 13, pp.

331'340? S o~ «

’ . N ’ ]
Kanasewich, E.Re," E111 {kﬁ « Chapman, C.H. and Gutowski,
P.R. ' 1972. .Teli mic array evidence for

- inhopogéneities. in the lower mantle and the origin of .
the Hawaiian Islands. Nature, 239 pp. 99-100. ¥

Kanasewich, E.R., Exlg'~ k.M., Chapman, C.H.. and Gutowski,
PoR. 1973, Setxp C .array evidence of é:dore'boundary
source for the Hawaiian linnar volcanic chain. Journal
of Geophysical Research, 78, pp.‘13§J-1371,%&§_i . e ;L

. ’ . .7 T '

g : L P
Kanasewich, E.R., ELlis, R,H.;JChapman; C.H. andi,5#£9"53i[“',
P.R¢ 1975.°Reply. Journal of Geophysical Researgh, ‘80,
pp. 1928-1922. S v L
T ) L ) a.ﬁ o U“'
Kanasewich, E.R. and Gutowski, P.R. 1975. Detailed seismic’
analysis 'of a lateral mantle inhomogenei 2 Earth .apd
Planetory Science Lefters, 25, Pp. 379-384. B O
s Kanaséwiq&,' E.R.y Siewert, Ww.P., Burke, M.D., vMcClowghan, A
C.H. 1 Ramsdell, L. 1974, Gain-ramging °analog or

A digit seismic system. Bulletin of the7se;§mological
A ' Society of America, éu Pp. 103-113. . 3%
: T i

g . , 23 , . Kl ) S : ’ [
" Kaula, W.M.w 1975. - Absolute plate motidn§
'veﬁbcityr-;pinimizationsﬁ . Journal o1

Research, 89} pp. 244¢-24%.

~t%{iﬁ?boun@ary :
Y.fleophysical

'R

Khramov, A.N. d sholpo L.Ye. - 1967. Synoptic 1labeéls of i,”
U.S.S.R. “. paleomagnetic data.  Appendix I of

A Paleomagnetism. Nedra Press, Linningrad, = 213-233
(Iranslated . by E.R. Hope, Directorate of Scientific
information Service, DRE, Canada® "'TS10R, 1970)
J1129,212, 282) o , : SR

8]

. . , A "
King, P.B. 1970., Tectonics and Geophysibs‘of,Eastern North
Ameriqa.~ In The megatectonics of continents and



Ay

r

4

Le " Pichon, xI- 1968, .
: drirft, ’oufn@&,of‘Geophysical'Research. 13,
N L . S

N

oceans. ted.: Jchnson, H. and Smith, B.

L.) . Rutgers

University Press, New Brunswick, New Jersey, pp. 7u-

112,

1

»

Kul hane - and Brown, R.J. 1974, P-wWave velocity anomalijes
in~ " the €arth's “mantle from the Uppsala ‘array
observations. Pure and Applied Geophysics, 112, rp.

597-617. :

Kummell, B. 1970. History of the Earth. Freeman,
Francisco, 707 pp. -

Ladd, J.W. 19.76. Relative motion: of South

2nd ed. san

America with

respect to North Americapy and Caribbean tectonics.

Geological Society of America Bulletin,
976.

R

81, pp. 969-

Lambert, R. St. J. 1974. .Global tectonics and the Canadian

Arctic Continental Shelf. Proceedings of t
on the Geology of the Canadian Arctic,

he Symposium
(ed. Aitken,

J.D. and Glass, DeJe). G.A.C. special publication, pp.
; R . .

- 5-22. .
v .

3

Larson, R.L. and Chase, C.G.-1972. Late Mesofoic evolution

of- the western Pacifid Ocean, Geological Society of

America Bulletin, 83, PR. ~3627-3644, =

farSon, R.L. anrd Pitman, w.C. 1972. mwdrldi
©0f Mesczoic magnetic afomalies ‘and

_%v..mqgl )
R [ B
‘:ﬁﬁigrelatlon

¥s lmplisations.

Geological Society cf America Bulletin,. 83, pp. 3645~

3662. , RN e ¥
4\“.{, 'j4 . i R ;},?,‘;_ &
Sea-floor spreading and

'R

s
[SAEEN

3697.

McBirney, .A.R. and Bass, M.N. %969. Structural

pre-Mesozo%gﬁvrgcks . Ofy northern .Centra

America Assdéiation &F Pétrology and Geo

11, pp. 269-280. . ‘ '

- » . : _ $

McElhinny, M.W. 1964 Statistical sighificance o
., test in palaeomagpetism. Geophysical 4
4 Royal Astronomicalﬁs'ciety;ﬁg,.pp. 338-34

McElhinny, M3 968a. - LS’ Oon  progress in
Palaeomagn: .ig diTections °and pole  pos
VITIT. Geophysical Journal of . the, Royal
Society,wj§, PP. 409-430. .

McElhinny, M.W. 1968b. Part IX. Ibid., 16, pp. 2

McElhinny, M.W. 1969. Part X. Ibid., 19, 305-327

| : ~ o (
. P « 1§
!

i t

continenta®
"PPs 3661~

Ty e

re;‘atiénﬁv'bf ’

4

1 = America.

logy, Memoir

geophysics,
itions, Part

f withe fold

Astronomical

07-224, T

o

[

N



it

)

tcElhinny, M.W. 1970. Part XI. Ibid., 20, pp. 417-429.

r . '
tcilhinny, M.W. 1972a. Part XII. Ibid., 27, pp. 237-257.

MCElhinny, M.W. 1972b. Part XIII. Ibid., 30, po. 281-293.

MCElhinnyy. M.W. 1973, Palaeomagnetlsm and Plate-Tectonics.
Cambrldge University Press.
Mc?lhlnny, M.¥W. and Cowle , J.A. 1977. Palaeomagnetic
/ directions and pole pO{lthDS,«Part XIV. Geophysical
- ’ Journal of the Royal Astronomical: Sotiety, 49,

313=356.

PpP-

McElhinny, MW, and .mbleton, B.J.J. 9] u’&'fustrallanbi

' Palaeomagnetism . the Phanerozoic 'plate.:
Eastern Gondwan: il. Tectonophysics, ggﬁ

McElhinny, M.W. and #.  ill, R.T. 1975. Geomagnetic secular
variations ove. the past 5m.y. Reviews of Geophy51cs

" and Space Physics, jg,'pp. 687-708.

] ,
McKenzie, D.P. 1969, Spégulations on the consequences

‘and

causes ptf plate "motions. Geophysical Journal of the

,Royal Astronomical Society, 18, pp. 1-32.

McKenzie, D.P., and Morgan, W.Jd. 1969. The evolution of

triple junctions. Nature, 224, pp. 125-133.

McKenzie, D.P. and Parker, R.L. 1967. The north Pacific: %n

“ éxample of tectonics on a sphere. vNature/-'gKG, PP.
B

1276-1280. . o o

2
Ay =T,

({McKenzie, . D.P. and Sclater, J.G. 1971. Thé”éVolwtlon of the

ot e - pdian Ocean since the Late Cretaceous. GeOphy51cal

g al of ' the Roya;J Astronomical Society, 24
b3 7 * : y

“528.

- ' l “. . VNO ‘ . - )
Minster, J.B., Jordan, T.H., Molnar, P. and Haines, E.

PpP.

1974,

Numerical mod2lling cf instantaneous plate tectonics.
Geophy31cal Journal of the Royal Astronomical SQClety,

36, pp. 541 576

. -
) «

Mitchell,' B.J. .and Helmberger, D.V. 1973, Shear velocities

at* the base of «he mantle from observtions of S

ScS. Journal of ‘Geuphysican Research, 718, pp.
6020. ~ ) p

-

Moinar, P.; Atwatér, T., Maﬁnerickx[ Je. and Snlth

and
6009~

S M.'

1975, - Magnet1c Anomalles, Bathymetry and the Tectonic

~ Evolution® the £¥outh, Pacific since, the
! Cretaceous.- Geophy51oal ~Journal of the
* Astronomlcal Soc1ety, 40, pp. 383-420. B

re

late

Royal

-

N

171



Morgan, W.J. 1968. Rises, frenches; ‘great faults, and
crunstal -blocks. Jcurnal of Geophysical Research, 13,
pp. 1952-198..

Needham, R.E. and Davies, D4 . 1973. Lateral heterogeneity in
' the deep mantle fﬁpm seismic body wave amplitudes.

Nature,. 244, pp. 152-153.
' Q

Nersesov, I.L., Nikolayev A.V, and Sedova Y.N. 1972.
Horizontal 1inhomogeneites of the earth's mantle as
derived from seismic data. Akadamiia Nauk SSSR

Izvestia Physics of the solid earth. 207 pp. 29.

Niazi, M. 1966. Corrections to apparent Azimuths and travel-
"time gradients for a dipping mohorovicic
discontinuity. Bulletin of the Seismological Society
of America, 56, pp. "91-509. '

Niazi, M. 1973. SH travel times and lateral heterogeneities
’ in the lower mantle. Bulletin of the Seismological
Society of America, 63, pp. 2035-2QH6.

Noponen, I. 1974, Sejsmic ray direction anomalies cauqed by
deep structuré¥¥in Fennoscandia. Bulletin . of the
Seismological Society of America, 64, pp. 1931-1941.

okal, E.k# and- Anderson 'D.L. 1975. A study of lateral
inhomogeneities in the upper mantle by multiple Scs
travel time residuals. Geophy51cal Research Letters, 2
s+ PD. 313 316.

Okal, E. ahd«xﬂster, G. 1975. A teleseismpg-array gtudy in

FrenP@:P%13n9c1a, implications for distant local
strust&rﬁ, GeOphy51cal Research“Ldttérs 24 pp, 5-8.

. R o S,
“Oliver, J. and Isacks, ~B. 1967. Deep earthquake zones,
: anomalous structures in the wupper mantlgi and the

lithosphere. Journal of Geophysical Research 232, PpP.

4259-4275. ,

Peltier, W.R. 1973. Penetrative convections in the planptary
° mantle. Geophy51cal Fluid Dynamic, 5, pp- 47-88.

Phinney, R.A. and Alexander, S.S. 1969. Tney'effect of a
velogity gradient at +the - base of the mantle on

diffracted.w P waves, 1in the shaddow. Journal - of .

.Geophysical Research, 14, pp. 4967-4971.

u

Pitman, H.C;\ and Talwani, M. 1972, Sea- floor spreadlng in
the North Atlantic. Geological’ Soc1ety of, awerlca

Bulletin, 83, pP. 619-6“6.,
N 1 ) s -

Pitman, W.C., Lafson, R.L. and Herren, E. M. 1974, The'age off
the Ocean Basins. ‘Geological Society of America,-

Ve T
Y A 7

Uy,

172



v‘\ ’

>Sengupta, K.K. and Toksoz, - MuN.%

Boulder, colorado.

Pospelova, G.ﬁ;, Larionova, G. Ya, and Anuchin, A.V. 1968.
Paleomagnetic investigations of Jurassic and Lower
Cretaceous sedimentary rocks of Siberia. International
Geological Review, 10, pp. 1108-18.

Powell, cCc. 197e6.. Array ~evidence for lover mantle
heterogeneity beneith subduction zones, Transactions,
American Geophysical Union, 57, pp. 28u.

Robinson,: k. and Kovac, R.L. 1972. Shear wave velogites in
the earth's mantle. Physics of the Farth and 'Planetory

Interiors, 5, 30-44,

! . e .
Sacks, TI.S.. 1967. Diffracted P-wa%e studies of the earth's
core., 2 lower mantle velocity, core size, lower
mantle structure. Journal of Geophysycal Research, 72,

pp. 2589-2594. " E :

structure at the base of the mantle, Transactions,
American Geophysical Uniom, 57, pp. 284. ~

Schmidt, P W. 1976. The non-uniqueness of the Australian
Mesozoic palaeomagnetic ' pole positigp.” Geophysical
Journal of the Roy%%? Astronomica}?gﬂciety, 87, 'pp.
285-300. .y, 5 S LT . :

N -
R

-Sclater, J.G.”and-Fisher, R.L. 1974, Evblution of the East

Central Indian Ocean. Geolcgical Society of Aperica
Bulletin, 85, pp. 683-702. . . - ' -

76. Three dimensioanal
model.. of seismic velocity varriation jiny e earth's

3 mantle. Geophysical Research”Letters, 3,d ;:8u-86.

Sipkin, S.A. and Jordan, %.H. 1975. Lateral heterogeneity of
the upper mantle determined from trav. . times of scs.
Journal of Geophysical Research, 80, 11474-1484,

’Sipkin,‘s.A. and Jorddn, T«H.-1976. Lateral heterogeneity of

the wupper mantle fronm multiple ScS travel times.
Tfansactions, American Geophysical Union, 57, pp. 283.

Smith, A.G. and Hallam, A. 1970. The fit of the southern

continents, Natureg 225, pp. 139-144,

‘Smith, A.G., Briden, J.C. and Drewry, G.E. 1973. Phanerozoié
world maps; Special papers in palaeontology, No. 12,

pp. 1-42, ‘ ’ .
. , e L .
Spall, H. 1970. Paleomagrnetism  of basement granities in
south -n Oklahoma; Final report, Okla. Geol. Notes, 30
.?-.

D . . . -~ .4,_ 'l‘-l ‘A.:: <

TR

N

“'sacks, J.S. and Snoke, A. 1976. Heterogeneous‘velocityl‘%

173



174

’ ppl 136"150-

Stewart, I.C.F. 1977. Travel-time anomalies in the lower
' mantle under the North Atlantic. Geophysical Journal
Royal Astronomical Society, 49, pp. 487-497.

Takeuchi, H. and Sakata, S. 1970. Convection im a mantle
with -variable viscosity. Journal of Geophysical
. Research, 175, pp. 921-927.

Thompson, R. 1972, Palaeomagnetlc resul' . from the Paganzo
Basin of North-west Argentina. ¢ *h .nd Planetary
35c1ence Letters, 15, pp. 145-156 '

Thohpson, ‘R. 1973 South Amerlcan Pala=~nz. .« ralaeomagnetic
- results - and the welding of  Pangaca. Earth  and’
' Planetary Science Le**ers, 18, pp. 266-278.

Toksoz, M.N., Arkani-Hamed, J. ahd Knight,. C.A. 1969.
Geophysical data and long-wave heterogene1t1e$ of _.the

. earth's mangle. Journal of Ge0physlcal Research, 14,
" pp. 3751- 3778

Toksoz, M N. Chinnery, M.A. and ,Anderséh " vDeLa 1967 .
Inhomogeneltles in “the Efarth's  mantle. Geophy51cal ' [
Journal Royal Astroncmlcal Society, 13, pp. “31«59. .

o

A L - u

Lukk, X ALA. ‘and leolaev, A‘V. . 1974.~
-'tles in  the lowet mantle. Physics of theh
dhg}ory Interlors,_é,‘pp. 348 331.

Vin%k, L.P.,
. Inhop
Ear

Vine, theus, D, HW 1963 “Magnatlc anomalles ,over

”gée_ dges. Nature, 199 329 947-949. VV ’

Torreson, , O.W., Murphy, T. and Graham, J,w. 1949, Magnetic =
polarization of -sedlmentary Tocks ., and' the Earth's
magnetic history. Jourwal of Geophy51cal Research 54
.+ PP. 111-12Y, , o

Van der Voo, R., French, R.B. and Williams, D.W. 1976.
Palaeomagnetlsm of the Wilberns Formations (Texas) angd-..
the Late ‘cambrian Palaeomagnetic PField fory North

, Americai :Journal of Geophysical.. Research, 8] pPp.

G 5633+5638. " &*\

Wegener, A.L. 1929, The origin of Co tlnents and Ocenas.
g1966 Engllsh translation of fourth* revised edition,
1929, of "Die Entstehung der Kontinente und Ozeanel .
Dover Publications, New York.

Wensink, H. 1972. A note on the palgggmagnetlsm of the Lower
Siwaliks near Saiden Shah, fkistan.APaklstan Journal .
of Sc1ent1f1c -and Industrlal Research, 1, pp. 89-91. !

/ ) N



i, Weunsink, H. 1975. The structural history of the India-

Tl el pakistan subcontinent during the Phanerozoic. In
;f”/*ﬂ - pProgress in Geodynamics (ed. Borradale, G.J., Ritsema,
Apavies 4 A.R., Rondeel, H.E. and Simon, 0O.J.)% North-Holland
‘vhvf}? - Bublishing Co., pp. 190-207. »
AL e - P

p‘ﬁj,HEnsinw; H. &nd Xlootwijk, C.T. 1971. PaKQ&magqetism of the
;rfﬁi © Deccan fTraps 1in the Western Ghats near Poona (India),
s Tectonophysics, 11, pp. 175-190.

- . Wiechert, D.H. 1972. Ancmalous aﬁimuths of P: evidence for
( v lateral varriations in the deep mantle. Earth and
planetory Science Letters, 11, Pp-. 181-1838.

H“}\&«‘Llson, J.7. 1965. A new class of faults and their bearing
T — \‘\\ "~ on continental drift. Nature, 207, pp. 3a3—34&é
Y

f
/
/
/

LW IR, o

hlire. 211, pp. 676-681.
S .

- Wright, <. 1973. Arfay studies of P phases and the structure
of D" Region of the mantle., Journal of Geophysical
Research, 18, pp. 4965 - 4982, :

.!‘. =2 . )
Hright,-bt. 1975. The origin of short-period precursors to
PKP. Transactions, the Americah Geophysical Union, 356,

pp. 395.

wright, C. 1975. Comments on 'Seismic array evidence of a
core boundary source for the Hawaiian linEar chain' by

. s E.Re Kanasewich et al. Journal of A Geophysical
Research,qgg, PP- 1915-1912&§{ w

4

A

~ Wright, .C. and Lyons, J.A.'1975.\$3‘_3)Iogy, dr/dAX and deeé
'~ mantle convenctiony Geophyﬁféal Journal Royal
Astronomical Society, 40, pp. 115-138. - '

AN

1 y J.T. 1966. Did the Atlantic close and then re-open?'

175



APPENDIX 1

PATLAEOMAGNETIC DATA AND CONTINENTAL MOVEMENT

LY

~Table A1

Rotation data and average unrotated éﬁﬁaeomagnetic
‘poleé for Qhe different geological ééfiods.‘- The
abbreviations are: RLAT and RLON: Latitude (positive north)
and longitude (positive east) in degrees of the Euler pole?®
RROT: Angle of rotaticn in deéreqsﬂ positive anticlockwise;
VEL1 and VEL2: Maximum and‘minimﬁm veiocity (cm/year) of the
continentél seément éoing forwards in ti}e from the relevant
regbpstructidn to the succeeding one; LAT,LON: Latitﬁde
;(positive“nﬁpth) and longitude (pOSitive'easf) in degrees of
the av%gagéaéole; R: The lengh of the vector ‘resultaﬁt‘!pf

/
the poles treated as unit vectors; K: Fisher's K, see text;

A95: Radius in 'dégrees of a small circle centered on

(LAT,LON), and within which the mean lies ‘95 % confidence.
‘ 2 : ‘ A
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. BULLARD ET AL MODEL

CONTINENT RLAT RLON
N. AMERICA TRU 58.6 40.3
KOLYMA TR ’ E A6, 40.3
W. EUROPE TRL-B+: Z¥. 6 59.6
RUSS. PLT. TRL-U 2246 59.6
SPAIN TR 1.2 112.7
.GREENLAND TRU 45.2 57.1
SIBERTA TRL-M 22.6 59.6
S. AMERICA TRU-JH d4.4 5.5
ANTARCTICA J ~26.0 -36.7
AFRICA TRU-JM -26.0 129.7
AUSTRALIA TRU-JM ~-30.6 ~94,1
NEW ZEALAND -30.2 =-90.5
MADAGASCAR TRQ»JL -49.,0 136.2
ARABIA -27.6 138.9
INDIA TRU -22.9 -168.2

it . ~

TRIASSIC, OUR PREFERRED MODEL

CONTINENT KLAT RLON
N. AMERICA TRU 9.6 48.9
‘KOLYMA TR '55.9 167.8
W. EUROPE TRL-U 19.7 68.6
RUSS. -PLT. TRL-U 19.7 68.6

- SPAIN TR -11.8 .122.4
GREENLAND TRU 44,4 65.0
SIBERIA TRL-M 19.7 68.6
S. AMERICA TRU-JM 35.9 2.9
ANTARCTICA J -27.8 . =31.2 .
AFRTEA TRU-JM -28.9 119.6
AUSTRALIA TRU-JM -35.,8 -87.3
NEW, ZEALAND -34.7 _-85.3
MADKGASCAR TRU-JL -55.0 "115.5
ARABTIA -30.8 130.1
INDIA TRU -25.8 -170.1

)

RROT
57.1
57.1
30.1
30.1
25.4
46.3
30.1
30.2
33.3
32.3
39.6
48.8
21.8
35.8
71.4

67.8

J

VEL1 VELZ2
4.8 2,0
2.7 0.1
2.8 1.8
4,9 2.1
0.7 0.6
0.7 0.0
1.1 0.6
0.7 0.1
0.7 O'-6
C.7 0.4
VEL1 VEL2
4.1 1.8
3.6 2.8
2.2 0,2
4,27 1.6
1.3, 0.8
0.8 0.1
1.6 0.4
1.4 0.7
e be s eeasoe
0.5 0.3
0.7 0.3

0

LAT LON
-67 -90
-63 57
-46 -37
~51 .-26
-59. .8
-34 =77
-47 =29
~-78 =102
-55 ~145
-68 74
-47 176
?7‘-‘/ 97
-20 128
LAT LON
-67 -90-
-63 57.
-46 =37
-51 -26-.
=59 8
+34  <TF
-47° <29
-78 -102
-55 -145
-68 74
-47 176
-7y 97
-20 128

A
-

d

LS U

cse
e

178
A95 K N
6 43 16
13 35 5
7 108 5
7 52 10
eve sas 2
sees see 1
7 31 16
8 111 4
9 77 5
4 80 18
9 75 5§
s ® 8 * e 1
cee eee 2
295 K N
.6 43 16
13 35 5
&7 108 57
7 52 10
,-.uo_... 2..
‘ﬁi«h,,.. 1 o0
ool b51.1§@g
AT T
9 77 -5
‘4 80 18
9 75 5§



PEEMO CARBONIFEROUS

CONTINENT , RLAT RLON RROT VEL1 VEL2 LAT LON AY. K N
~N. AMERICA CL-PL  39.1 52.5 48.3 2.2 0.1 -39 =55 4 94 16
KOLYMA . 39.1 5245 UB8e3 vies saas eee asee oo ase o
W. FEUROPE CU-PL -9.6 72.4 36.7 2.3 1.6 -39 -14 3 81 24
RUSS. PLT. CL -9.6 72.4 3627 seee eees =43 -12 4 106 12
SPAIN CU-P T =25.3 111.7 83,1 ciee see. -46 33 8 74 6
GREENLAND : _ 19.9 6603 UU.5 148 Tel cee sces ose oce oo
SIBERIA CL-TR -11.1 75.0 34,3 2.2 1.3 -34 =36 9 25 11
S. AMERICA C-PU 64.9 88.1 41,9 2.8 0.2.-70 =15 € 47 12
ANTARCTICA 3643 =63.7 11,0 8ol 2¢1 4ee ssce see oes s
AFRICA CU-PL 2.8 151.8 50.9 3.8 0.5 =40 64 eee oo 2
AUSTRALIA CU-PU 9.8 -122.9 35.1 4.4 4.1 -48 137 6 178
NEW ZEALAND 6.0 ~108.0 3647 teee cvee sas soce oee oo o
M ABAGASCAR 3.6 15927 371 2.9 207 vee seee cee ees oo
AR¥BIA P 0e7 157.0 54.3 teue oane =18 102 eve oo 1
INOIA CU-PU -1.9 -164.6 86.3 3.7 2.9 4 130 27 9 5
53‘DEV0NIAN ’ : ' - N
@% CONTINENT - KLAT RLON RROT VEL1 VEL2 LAT . LON A95 K. N
“N. AMERICA SM-DU 22.1 50.9 64.6 2.8 1,8 -33 -53 11 20 10
'TKOLYMA 22-1 50.9 64,6 o ee s oee see o-om{-.o s ae oo
W. EUEOPE DL-CL -9.8  70.4% 59,3 2.8 1.9 -19 <26° 8 26 13
RUSS. PLT. DL-DU -9.8 7004 59.3 teee eeee =36 =18 4 162 10
SPAIN SU -16.6 98,1 67145 wens eoee =29 36 4eu ees 2
GREENLAND ) 9.0 62.1 64.8 2.8 2.8 vee einiiiee sas ee
SIBERIA DL-DU 17.3 71.8 65.3 3.8 0.1 =28 =29 8 65 7
"5, AMBRICA DL-CU 29.4 74.0 ,69.5 5.3 4.0 -43 =~29 26 24 3
ANTARCTICA - 3.1 781 3503 5.3 446 vee case soe s oo
-.AFRICA DU 12.6 122.1 79.0 5.3 3.3 -1 25 tee vee 1
AUSTRALIA SU-DU 25.3 137.2 22.1 5,2 4,1 -712 -6 20 23 4
NEW ZEALAND 21.6  136.6 12.6 ceee ceee cos seee sas see oa
_MADAGASC. R 11.6  119.5 6433 48 4T tee eeee voe soe o
ARABIA v 1246 12609 7905 alhie ceie cee coee eeeiiene oe
INDIA 17.7 1697 82.5 8.8 3.8 4ee o6se sae oas on
’ . RS



ANTARCTICA .OL-CU
'AFRICA PC-OL .
AUSTRALIA CL-M
NEW ‘ZEALAND
MADAGASCAR
“JARABIA C-0
INDT A

N
ORDOVICIAN
~ : o
CONTINENT RLAT
N. (AMERICA C- ou 25.6
KOLYMA 25.6
W. EUROPE OL~-OU -4.8
RUSS. PLT. OL-SL -y,
SPAIN -13.
GREENLAND 13.
SIBERIA OL-0U 23.
S. AMFRICA C-0© 7.
ANTARCTICA OL -6.
AFRICA O : 9.
AUSTRALIA OL-OH 9.
NEW ZEALAND 5.
MADAGASCAR - 7.
ARABIA 11.
INDIA 27.
' “ - :
' ‘” sv” s,
, CAMBRIAN P
~ CONTINENT é RLAT
N. AMERICA Pcig 2.3
KOLYMA 2.3
W. EUROPE cL -4,2
RUSS. PLT. CL -4,2
SPAIN N
" GREENLAND *,
“ SIBERIA .CH
S. AMERICA C °

. 27.3

FONOUVONNWER O ®

RLON
43.0
43.0
62.3
62.3
90.0
54.8
83.6
84,1
99.9
115.7
117.9
117.5

114- 5.)'

118.7

~ 145.3

=

RLCN -

73.1

.73-1 '

715.8
75.8

163 9
118.9
11946
©115.2
122.2
152.7

RROT VEL1 VEL2
67.8 0.9 0.2
67.8 *s a0 oo
5.6 0.8 0.0
5€6 seee oease
5745 ceie vaen
66.4 0.3 0.1
133.4 7.2 0.
107.8 5.6 3,
-80.7 5.6 4,
127.9 5.6 4,
69.5 4.7 2.
6143 eeve o0os
113.6 5.1 5.0
12820 eeee gunos
116.5 4.@4’9.0
. -
RROT VEL1 VEL2
86.1 4.6 0.3
B6eT1l eeee . v%ee
75.2 3.0 2.4
75.? o e & 9 800
4.1 2.9
4.1 2.8
3.9. 1.3
4.4 259
130.5" 3.9 071
101.2 3.9 Y.4
93.0‘1-.;’:. dess
116.8" 1.9 1.6
129e7 [eeee soee
2.9« 1.8

LAT
-32

-8
-28

25
16
-28
50
-15

LAT

-4

e 00,

=22

44
38
=2

15

37
-34

LON
-57

=31

~49
~-29
10
-1
36

LON

LC N IS

-13

=9
-23
22
28
-23
28

-37

32

180
A95 K N
4 181 7
9 -37
16 25
6 49 15
37 7 4
- e o s o 1
LI AN ] .... 1
30 18 3
Ag5 .K.{.N
6. 9% ~7
'c.o -oou" 2
15 38 4
12 61 4
41 4 5
e s 0 e o9 . 1
21 19 4
L I ] LI N Y l 2
90 S0 0 d-e
s e 0 e &8 1
11 52 "5
Z . .,"..

N e

\-



Table 31.2

Comparable statistics. for all solutions using paleomagnetic

:data. .

The abbreviétions.“are: N;LAT,LON,R,K,AQS; As in table;
Al.1; F%: Test of the significance level 1in p<.c-:nt using

the ratio of two K-values in an F distibutiou. The third
4 .

table gives the increaéé 1n precision, for the ratio

K(preterred) /K (alternate).
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STATISTICS FOR OUQHSOLUTICNS

BEFORE ROTATION . AFTER ROT.

N
TIME PERIOD N IAT LON R K A95 R K A95 F%
TERTIARY 13 -83.8%~—38.0 12.4 21 9 12.6 30 8 8G.C
CRETACEOUS -1z -76.4  59.0 10.5 7 17 11.5 21 °10 99.5
TRIASSIC 13.-82.7 " -42,6 10.3 4 24 12.4 21 9 99.9

."EERMO CARB. 10 -62.5  33.0 6.5 3 38 9.5 18 12 99.9
‘DEVONIAN 8 -36.0 -12.0 6.9 6 24 7.8 41 9 99.9
ORDOVICIAN 7 -2.9 -19.0 5.2 3 39 6.8 33 11 99.9
CAMBKIAN 9 4.9 -3.,0m 7.5 5 25 8.7 26 10 99.5
CAMBRIAN ALTERNATE 9 4.9 =3.0 7.5 5 25 8.3 12- 16 95.0

#

STATISTICS FOR THE BULLAED SOLUTICN COMPARED TO OUR SOLUTION.

A ' BUILARD _OURS
TIME PERIOD N . LAT LON- R K A9S R K A95 F%
TRIAS. EXCL. KOL. 12 -90.0 ..... 11.6 28 8 J1.4 19 10 ....
FERMQ. CARB. 10.-67.4 52.0 9.4 15 13 9.5 18 12 65.0
DEVONIAN 8 -50.0 3.0 7.7 25 11 7.8 41 9 80.0
ORDOVICIAN 7 -9.7 -7.0 5.8 5 31 6.8 33 11 99,8
7.2 4 28 8.7 26 10 ¢9.9

CAMBRIAN 9 0.9  =5.0

~

STATISTICS FOR OURS AND BARRON ET AL'S ALTERNATE GONDWANALAND
SOLUTICN COMPARED TO OUR FEEFERRED SOLUTION.

OURS
A ALTERNATE PREFERRED BARRON

TIME PERIOD N R K A95 R K A95 R K A95 F%
TRIASSIC 13 12.3 17 10 12.4 21 9 12.3 18 10 65.0
EERMO CARB. 10 9.5 19 12 9.5 18 12 9.4 16 13 5C.0
DEVONIAN 8 7.7 21 12 7.8 41 9 7.8 31 10 90.0
ORDOVICIAN 7 6.7 22 13 6.8 33 11 6.7 19 14 75,0
CAMBRIAN 9 8.7 26 10 8,3 11 46 60.0

8.6 21 12



A Table A1.3 )
Paleomagnetic data used in reconstructions.

N

The ' poles used are listed her by ~ge and ccntinent. Most
poles are identified by the number (or group of numbers for
chnbined entries) given them in the lists published in the
Geophysical Journal of The Royal Astronomical Society. Thus
the number 8.33 refers to pcle 33 of list 8. Russian.data
are taken from the list published by KXhramov and Sholpo
(1967) and are prefixed by the letter R. Other poles taken
from the recent litterature are referenced individually.
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N. America " 9.29; 10.46; 11.25;  11.30-31;  12.45;
13.20; 14.120; 14,133; 14.138; 14.146;
14.148: o
Greenland ' T 14,157 140177
W. Europe 3110325 10335010345 2.13; 2,145 2.15;
. 6.11-13; 8.23; 8.33; 11.20; 12.49; 14.128;
'14.143; 14,744 14, 145; irving 1964 pole
11.024:
Spain 0 10.42; 10.43;-11.29; 13,19; 14.142:°

Russian Platform °'R.65; R.68; R.69; R.70:

.

Siteria Ottawa List - poles 11-349; 472; 473; a74;
480; 481;\482; 486; u87; 488; 553; 738: >~
China : 10.36-38,4d4: ; o ‘5\\\
S. America 10. 48; 11.15; 12.51; 14:136:" |
Africa 8.36; 15,46; 14;125; 14,.127; -r14.129;
| ° 14.135: o v
Arabia ‘ 10.4%; 10.49; R.71:
LAustralia 14, 126: AN
India les are averaged - Siwalik Beds,
} Wensink 1972; -Deccan Tréps, 13.21-24,
(/// .’ 14.176-181,  183- 85, and Wensink &
| Kloot :ijk 1971:
Antarctica 2.11;



'CRET4CEOQUS

N. America

W. Europe
Spain
Fussian Platform.

Siberia

Kolyma

China

S. America
Africa
Arébia
Australia

India

7.25; 8.48; '8.52; 9.42; 9.43;  11.35,
11.36; 11.37, 14.191; 14.212;  14,213;
14.214; |

5.15-16; 8.46; 8.51; 14,21

11.32;

3.45; R.73; R.73 subdivided into 3 poles

(éee McElhinny; 1973, p. 299); 1 pole ‘rom -

Poépelova et al 1968 (see McElhinny 1973) :
12.55;  12.66,70; 12.68; 12.69; 12.76;
12.77:

8.49; 10.55; 10.51-2, 10.57-61:

6.35; 14.190; 14.215; 14.227:

72215 9.40; 13-32; 14.224; 14,225; 14.226-
9.475 10.56; 10.62; 12.67; 12.71; 14.223:
6.31; 7.23; 15.035:

7.371° 12.73; 13,30

18



L4

N. America
Greenland
W. Europe

Spain

Russian Platform

Sibe;ia

Kol?ma

S. America

186

9.49; 9.50;

10.88; 10.89; 10.90; 11.44; 13.39; 14.278;

14.279; 14.280; "4.285:

14,275: 4

1.91; 14.292;

1.63+4.7; 1.64; Irving 1964

pole 8.C7:

) \

9.61; 11.54:
R.89; B.91; R.92, R.105; R.106; R,107;

. . ) ) ' . \ g‘
R.109; R;11a\\R.]11; Fo112: .
R.93; R.94; R.95; R.96; R.97; R.98; R.99;
R-100; R.101; R.102; R.103; R.115; R.116;
R.117; R.118; R.119: ' ,
12.97; 12.98; 12.99; 12.103; 12.104:
11.46; 12.102; 14.241; 14.274:

5.40-43; 8.59; 8.63; 8.67; 8.72; 10.77;

Africa ) .
12.93; 13.35; 13.36; 13.40; 14.248;
14.249; 14.250;  14.288; 14.290; 14.693:

- 15.087; 15.088:

India 11.43; 11.45;

Madagascar 14,26¢:

Antarctica

2.26; 2.27; 6.63; 10.70% 14.239:
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CARBNIFEROUS
' §
N. America 1.106-7;  8.95-7;  8.99; 6.100; 8.101;
| 8.113; 8.117;  9.98;  10.115;  10.119;

10,1205 11.76; 11.78; 13.50; 13.57; 13.52:

:H.‘EurOpe 1.96; 2.36; 10.107; 10.108; ;10.109:
10,7115 1041125 10.113; 11.71; 11,77
12.119;  13.53; 14.310;  14.311;  14.312;
14.313; 14.314;  14.315; g4“316; 14.317;
14.318; 14.334; 14.338; 14.350;

Spain 7.3€; 9.78-9; 9.80; 11.72; 11.73; 11.74:

Russian Platform 9.92; 9.93; 9.94; 9.111; 9.112; 9.113;
R.149; R.151; R.153; R.155; R.156: R.189:
Siberia 9.85; 9.1Q0; 9.114; 10.100; 10.116;

10.123; 10.124; R.120; R.145; 'RX178;

R.192: I o N

~

S. America 14.305; 14.309; 14.332; 14.333;. 14.345;
1“'3‘46; | l
Australia © 7.39; 8.103; 8.104; 8.105:
Africa. 8.91; 8.92: :
Arabia . 8.84:.A o N
Tnaia l// 9.66; ﬁagiaa; 11.64; 14.329; 1 polé from
Athavale ét,al 1972 (see Wensiﬂk 19}5):
) , : - .
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/ i
X%. America’ 1.117; 8.120; 8.+121; 5.123; 9.120; 9.125; .
10.126; 14;364;‘{4.365{ 14.366: '
W. Europe 1.97;  1.99-101:  1.102: 8.118; 8.124;

12.134; 13.63; 14.358; 14;359; 14.362;

14.363; 14.373; 14.374:

Spain ’ 9.126; 3.127: |

Russian Platform R.204; ‘R.205;'R.206; 2+207; R.224; R.226;
| R.227; F.228; R.229; R.230:"

1071217, 10.128; R.208;  R.213; R.214; -

_Siberia
R.219; R.225;
S. America 12.124; 12.127; 12.135:

Africa 14.361: /(\\

Australia 8.127; 14.360; 14.368; 14,369:



ORDOVICIAN

W. Europe

\

14,392, 14.394; 14,396 poles N1,N3,N4 and

‘M2 reported by Deutsch and Rao 1977:

-

\\ poles A,B,C,E,M,V,¥,X and Y reported by

\Faller €t al 1977:

Russian Platfo: n éY237; R.249,51; R.250: R.253: R,254-5:

Siberia

AN

S. America

Anta:ctica‘

Africa

Australia

10.131;  10.132; 10.133; 10.134; 10.135;
10.136;  10.137; 10.138; 10.139; R.239;
R.247; F.248; R.256; R.259; R.260:

12.140; 12.144; 12.145; 14.406:

10.140: ZI |

4,32:

14:393; 14.395; 14.405;

LN

189



" Arabia

CAMBEIAN

Ne America

W. Europe
Russian Platform
Siberia

S. America

" Antarctica .

Africa

. Australia

India

13.77; 13.78; 13.85; 15.142; 1 pole fron

Spall 1976; 1 pole fronm Al-Xhafaji -and

Vincenz 1971; 1 pole from French et al

1977: (These seven poles constitute the

“"preferred" group fo Van .der Voo et al
. N N

) '

1976) .. - - R

5.83; 13.66:

R.282; R.283; R.284; R.285:

R.273; ER.274; R.275; R.276:

14.417; 14,418; 14.4f9; 14.420; 14.421:
14,408 .

9.132; 9.137; 12.149; 1 pole from Creer
and Snapre 1973 (see Hailwood 174):
12,14 7; |
14.413; 14.415:

11.85; 14.414; 14.424; 14.514; 14.515:

bl



AFPENDIX 2
TABLES GIVING THE CHANGE IN SLOWNESS AND AZIMUTH POR A PDANE

WAVE PASSING A DIPPING INTERFACE

i
1 " .

~Table A2.1
t‘“

’ The first set of tables give the corrections to the p

and thé second set of takles the difference in sl¢whe$$;§éﬁ*

the ,- converted Ps ..

2 e RSSARLY

azimuth for -the P and

- : "‘, T LN ‘l, N
The slowness (sec/deg)'ofbthe inconing

BN
N\

: abbriviations are: p-:
& - , s ,
wave; Az:; The azimuth (degrees) of the incqping'waye; V¢ The

seismic medium before the

velocity (km/sec) of the

interface; V1: The seismic velocity (km/sec) of the nmediunm

after the inteffaqe: V51: The seismic vélocity tkm/sec) of

A .
Cighe/Eknverted phase after the interface. Strike and dip are

measured in degrees. The first cclumn of humbers in each dip

~

column is the correction to the slovwness and the second the

correction to the azimuth. 5

The change in slowness and azimuth for the P phase.

P=3.00 Az= 180.0 V= 8.00 V= 7,00 vs1= 0.0 Iy
STRIKE DIP=0.5

1.0 1.5 2.0 : :
0.0 -0.00 -0.3 -0.00 -0.7 =0.00 -1.0 -0.00,-1.4 ,
30-0 0-01 "O-J 0102 -006 0.03 -009 0.03 -1.2

60. 0 0.02 -0.2  0.03 -0.3 . 0.05 -g.5 0.06 -0.7
90,0 0.02 0.0 0.04 0.0 0.05 0.0 0.07 0.0
120.0 0.02 0.2  0.03 0.3 0.05 o.5 0.06 0.7
150. 0 0.01 0.3  0.02 0.6 0.03 0.9 0.03 1.2
180.0  -0.00 0.3 -0.00 0.7 =0.00 1,0 =~0,00 1.4
210.0  -0.01 0.3 -0.02 0.6 =0.03 0.9 -0,04 1,2
240.0  -0.02° 0.2 -0.03 g.3 -0.05 0.5 -0.06 0.7
270.0  -0,02 0.0 =0.04 9.0 =0.05 0.0 -0.07 0.0
300.0  -0.02 -0.2 -0.03 -¢.3 ~Je05 -0.5 -0,06 -0.7
330.0  -0,01 -0.3 -0.02 -0.5 =0.03 -0.9 -0.04 -1.2 .
360.0 =0.3 -0.00 -0.7 -0.00 -1.0 <0.00 -1.4

=-0.CO
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p= 4.00 MIZ 180.C

STRIKE
c.C
30.¢C
€0.C
9C. 0
126.0
150.90
1680. C
210. v
2u0,C
27¢.C
300.¢C
330.°¢C
360.C

PIP=0.5
-0.00 -0.3
0.01 -0.2
0.02
0.02
0.02
¢.01
-0.00 .
~0.01
-0.02
-0.02
-0.02
-0.C1
-0. 00

|
(o]
.
-

i

N @»N—so-dl\)(_ur\)—aol

P= 5.00 AZ= 180.0

STPIKE
0.0
30.¢
60.0
90.0
120.0
150. 0
180.0
210. ¢

240.0

270.C
3¢c.0
33¢C.0
36C.C

P= 6.00

STRIKE
~C.0
30. ¢
6C. 0
90. 0
120.0
150.0
180.6
210.0
200, 0
27C. 0
300.0
330.0
360C. C

DIP=0.5
=0.00 -0.2
0.01 -0.2
0.02 =0.1
£ 0.02
0.02
0.01
-0.00
-0.01
-0.02
-0.02
-0.02
-0.01
-0.00

OO DOOODO DM OO
s. e 2 8 & 8 o o o

NN O aa DN 2O

AZ= 180.0

DIP=0.5
-0.00 -0.2
0.01 -0.2
0.02 -0.1
6.02 O
0.02 O
0.C1 O
-C.00 ¢
-0.61 0
-0.02 0
-0.02 0

’0.01 ’0.‘2

: ’Q.OO -002

v= 8.00

1.0

-0.00 -

0.02 -
0.C3 -~
0.)u
6.03
0.02
-0.C0
-0.02
-0.03 -
-0.04

1.0
-0.00 -
0.02 -
0.C3 -
0.04
0.03
0.02
-0.00
-0.02
-0.03
-0.04
-0.03 -

."0002 -
-0.00 -

v= 8.00

1.0
-0.00 -
0.02 -
0.03 -
0.04 .
0.03
.02
-0.00
-0.02
-0.03
-0.04
-0.03 -
-0.02 -
-0.00 -

A

0.5

Jed
.4
0.2
0.0

[oNeoleNoNeRe)
e o o 4 o »

ONE &£ N

Jd.2
O.. u
0.4

V1

O.q
0.3
0.2

OO QOO OOO
® o & o o 8 o

WwWhohwsEwho

0.
0.4

7.00 VS1= 0.0
1.5 2.0
-0.00 -0.8 =-0.00 -1.0
0.03 -0.7 0.04 -GC.9
©0.05 -0.4 0.06 -0 5
0.05 0.C 92.07 0.0
0.05 0.4 0,06 0.5

0.03 0.7 0.04 0.9
-2.00 0.8 =0.00- 1.0
-0.03 0.7 -0.04 0.9
-C.05 0.4 =-0.06 0.5
-0.05 0.0 -C.07 0.0
-0.05 -0.4 =-0.06 -0.5
-0.03 -0.7 -0.04 -0.9
-0.00 -0.8 -0.00 -1.0

7.00 VvS1= 0.0

1.5 , 2.C
-0.00 -0.6 -0.00 -0.8
0,03 -0.6 0.04 -0.7
. 0.05 =6.3 0.06 -0.4

0.06 0.0 0.07 0.0

0.05 6.3 0.06 ' 0.4

0.03 0.6 0.04 0.7
-0.00 0.6 =-0.00 0.8
-0.03 0.5 -0.04. 0.7
-0.05 0.3 -0.06 0.4
-0.05 0.0 =-0.07 0.0
-0.95 =0,3 =-0.06 -0.4
-0.03 -0.5 =-C.04 -0.7
-0.00 ~0.6 =0.00 -0.8

7.00 VS1=

1.5

0..7 ~0.5 -0,7

0.7 =045 -0.6

.05 =0.3 -0.4

0.06 0.0 0.0

0.05 0.3 0.4

0.03 0.5 0.6
-0.,00 0.5 0.7
-0.03 0.5 0.6
-0.05 0,3 0.4
-0.,06 0.0 0.0
-0.05 -0.3 =-0.06 -0,4
-0.03 -0.5 =0.04 -0.6
-0.00 -0.5 =-0.00 -0.7

e

)
e
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P= 7.00  AZ= 180.0 V='8:00 V1= 7.00¢ VS1=.0.0

_Sﬁg;;E DIP=0.5 : .0 1.5 2.0
0.0 -0.00 -0.2 =-0.00 -0.3 =C.00 -0.5 =-0.00 -0.6
3C.0 0.01 -0.1 0.02 -0.3 0.03 -0.4 0,04 -0,6
6C.C 0.€2 0.1 0.03 =-0.2 0.05 =0.2 0.07 =-0.3
90.0 - 0.02 0.0 0.04 0.0 0.06 0.0 0.08 0.0
120. ¢ 0.02 C.1 0.03 0.2 0.05 0.2 0.07 0.3
150. 0 0.61 . 0.1 0.02 0.3  0.03 0.4 0304 0.6 \\\
180.6  -0.C0 " 0.2 =-0.0C 7.3 =-6.00 0.5 =0.00 0.6 \
210.¢  =0.€1 0.1 =-0.02 0.3 =-0.03 0.4 =-0.04 0,5
240.0  -0.02 0.1 -0.03 0.2 =-0.05 0+2 =0.07 0.3
276.¢  =-0.02 0.0 =0.0¢ 0.0 =-0.06 0.0 -0.08 0.0
'30C.0  -0.02 -0.1 -0.03 -0.2 .-0.05 -0.2 =-0.07 -0.3
330.6° -0.01 -C.1 =-0.02 -92.3 =0.03 =-0.4 =0.04 -0,5
360.0 _#0.00 -0.2° -0.0C -0.3 =-0.00 -G.5 =-0.00 -0.6
P= 8.00 " AZ= 180.0 V= 8.00 .V1= 7.00 VS1= 0.0
STRIKE DIP=0.S 1.0 1.5 2.0
0.0 =-0.00 -0.1 =0.00 =0.3 =0.00 -0.4-~ =0.00 -0.6
36.0  0.01 -0.1  0.02 -0.3 9.03 -0.4 0.04 -0.5
60. 0 0.02 -0.1 0.04 -0.1 0,05 -0.2 0.07 -0.3
90.0, .02 0.0 0.04 0.0 (.06 0,0 0.08 0.0
120.0 .02 0.1 0.04 0.1 C.05 0,2 0.07 0.3
150.0 0.01 C.1t 0.02 0.3 0.03 0.4 0.04 0.5
180.0 =0.00 C.1" -=0.00 0.3 =0.00 0.4 =0.00 0.6
210.0  -0.C1 0.1 =0.02 0.3 =-0.03 0.4 =0.04 0.5
240.0 -0.02 0.1 =0.04 0.1 =0.05 0.2 =-0.07 0.3
-~ 270.0  -0.02 0.0 =-0.04 0.0 =-0.06 0.0 =-0.08 0.0
300.¢ -0,02 -6.1 =-0.04 -0.1 =0.05 -0,2 =-0.07 -0.3
330.0  -0.01 -0.1 =0.C2 -0.3 =0.03 -0.4 =-0.04 =0.5
360.0  =0.00 -0.1 =-0.00 -0.3 =0.00 -0.4 -0.00 -0.6

{
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The aifference in slowness and azimuth between the P and the

\

P= 3.00

STRIKE
0.0
30.0
60.0
90.C
120.0
150.0
180.0
21C. 0
240. ¢
27C. C
30C.0
.. 330.¢C
7360430

pP=.u,00

STRIKE-.
0. C
30.0
60. C
9(.¢C

. 120.0

- 150.C .
180.0
21040
240,0
270. 0

“300.C -

330.0
360. 0

7
/

{
.

\

AZ=

180.0

-0.00
0.05
0.09
0. 11
0.09

0,05

-0.00
-0.05
-0.09

‘0.09

-0.00

«
- L

AZ=_180.0

DIP=0.5

-0.00

0.05,
~0.09
uHQ,1L
3‘TCF09

0,05

‘On OO
°O¢‘053

-0.09

_F0.11
‘Oo 09

-0.05

-0;00.
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7.0C VvS1= 4,00
1.5 2.0
-0.02 6.0 =-0.04°
0.14 5.6 0.18
0.27 3.4, 0.35
0.32 -0.0 0.42
0.27 -3.4 ' 0.35
0.14 ~§.6 0.18
-0.C2 -6.0 -0.04
-0.17 4,8 ~C Zu
-0.28 -2.7 -0.,37
-0.31 0.0: =-0.42
-0.28° 2.7 -0.37
-0.17 4.8 -0.24
«0.?2V 6.0 -(0.04

7.io VS1= 4,00
1.5 2.0
-0.02 4,5 -(.03
0.15 4.2 0.19
0.27 2.5 0. 36
0.32 -0.0 0.43
0.27 -2.5 0,36
- 0e15 .2 0.19
-0.02 -4,5 -0.03
<0.17 =3.7 -0.23
-0.28 =-2.1 -0.37
-6.32 0.0 -0.42
-0.28 2.1 .-0.37
=0.17 @.7 " =0.23
-0.03

-0.02 .a,5
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P= 5.00 AZ= 18C.0 V= 8.00, V1= 7.00 VS1= 4.00
!

STRIKE DIP=Q.5 1.0 1.5 2.0
0.0 -0.00 1.2 -0.01 2.5 =-0.01 3.7 =0.02 4.9
3C.0 0.05 1.1 C.10 2.2 0.15 3.3 0.20 4.5
60:s0 . 0.09 0.6 0.18 1.3 0.28" 2.0 0.37 2.7
90.C 0.11 C.0 0.21 0.0 0.32  0.Q 0.43 -0.C

120.¢C 0.09 -0.0b 0.18 -1.3 0.28 -2.0 0.37 -2.7
15C. 0 0.05 -1.1 0.10 -2.2 0.15 -3.3 0.20 ~-4.5
18C. 0 -¢.00 -1.2 -0.01-2.5 =-0.01 -3.7 -0.02 -4.9
210.0 =0.05 -1.0 =C.1M™=-2.1 -C.17 -3.0 =0.23 -4.0
240.0  -0.09 -C.6 =0.19 =1.2 =-0.28 =1.7 =0.37 =2.2
27C.C¢  =0.11 0.0 =-0.21 0.0 -0.32 .0 -0.43 0.0
300.90 -0.09 0.6 -0.19 1.2 -0.28 4.7 =-0.37 2.2
330.0 -0.05 1.0 =-0.11 2.1 -0.17 3.0 -0.23 4.0
360.C -0.00 1.2 -0.01 2.5 -0.01 3.7 -0.02 4.9
{(P= 6.00 AZ= 180.0 V= 8.00 V1= 7.00 VS1= 4.00
STRIKE - DIP=0.5 1.0 ¥ 1.5 2.0
.0 -0.00 1.0 -0.01 2.1 =~=0.01 3.1 =-0.02 4,1
30.0 . 0.5 0.9 0.10 1.8 0.15 2.8 0.20 3.8
60,0 .09 (.5 0.19 1.1 0.28 1.7 0.37 2.3
9G.C 0.11 0.0 0.22 0.0 0.33 0.0 0.44 0.0
120.0 - 0.C9 -0.5 0.19 -1.1 0.28 -1.7 0.37 <2.3
150.0 0.C5 -0.9 0.10 -1.8 0.15 -2.8 0.20 -3.8
180.0  -0.00 =-1.0 =C.01 -2.1 =0.01.-3.1 =0.02 -4.1
210.0 -0.C6 -0.9 =-0.11 -1.7 -0.17 -2.6 =-0.23 -3.4
240.0  -0.09 -0.5 =-0.19 -1.0 =-0.28 -1.5 =0.38 -1.9
27C.C. -0.11 0.0 =0.22 0.0 =-0.32 0.0 =-0.43 0.0
3¢0.C  -0.09 0.5 =-0.19 1.0 =-0.28 1.5 -0.38 1.9
330.0 --0.06 0.9 -0.11 1.7 ~C.17 2.6 -0.23 3.4
360.¢  -0.00 1.0 -0.01 2.1 Ro0.01 3.1 -0.0> 4.1
P= 7.00 AZ= 180.9 = 8,00 V1= 7.00 VS1= 4.00
STRIKE DIP=(.5 T 1.0 1.5 v 2.0 ¥
0.0 -0.00 0.9 =-0.00 1.8 =-0.01 2.7 -0.02 3.6
30.0 0.05 0.8 0.11 1.6 0.16 2,4 0.21 3.3
60.0 0.10 0C.5 €.15 0.¢ 0.29 1.4 0.38 2.0
90.0 0.11 0.0 0.22 0. .33 0.0 . 0.44 0.0
120.0 0.10 -0.5 C.19 ~0.3 0 29 -1.,4 0.38 -2.0
150.0 0.05 -0.8 0.11 -1.% 0.16 =2.4 0.21 -3.3
180.0 -0.00 -0.9 =-0.00 -1.> =-0.°1 -2.7 -0.02 -3.6
210.0  -0.06 -0.8 =0.11 -1,5 -0.17 =2,3 =0.23 ~3.0
240.0 -0.10 -0.4 =0.19 -0.9 729 -1,3° -0.38 -1.7
270,06  -0.11. 0.0 =-0.22 0.0 =0.33 C.0 -0.44 0.0
300.0 -0.10 C.4 =-0.19 0.9 =-0.29 1.3 -0.38 1.7
330.0 -0.06 0.8 -0.11 1.5 =0.17 2.3 =0.23 3.0
360.0 -0.€0 0.9 -0.0C 1.8 =0.01. 2.7 -0.02 3.6
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P= 8.00 AZ= 180.0

STRIKE DIP=0.5
0.C -0.00 0.8
30.¢C .06 0.7
€£C.0 0.1C O.u
90.¢C C.11' 0.0C
120.0 Ce1C -0.4
150.0 0.06 ~0.7
18C.C -0.0C -0.8
210. ¢ -0.06 =-0.7
© 240, C -C.10 -0.4
270.0 -0.11 0.¢
300. ¢ -0.10 0.u
330.0 -C.06 0.7
-0.00 (.8

V= 8.0
1.0
-0.00
C.11
0.19
.22
0.8
0.1
-0.0C
-0.12
-0.20
-0.22
-0.2¢C
-C.1Z
-0.00

0
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7.00

1‘5

-0.01
0.16
.29
0.34
0.29
0.16

-0.01

-0.18

-0.29

-0.34

-0.29

-0.18

-0.01
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VS1= 4.00
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APPEN})Ix 3

THB\EPLER ROTATION

Euler's theorem states that a general displacement of a

rigid body with one point fixed is a rotation around some
axis through that point. In the case of the earth the fixed

point is the center. The vector R around which the rotati.n

ROT degrees is performed intersects the surface é\ a point

y

(LAT,LON) (latitude and longitude in degrees, positive north
and east) «called the Euler pole. Using ‘.a° cartesian
coordinate system and setting the earth's radius to one, a

point on the surface with radius vector x = (xl,x?,xﬂ)' can

- be written

X; = sin(90-xlat) * cos(xlon)
X, = sin(90-xlat) * sin(xlon) - : (A3.1)
X4 = cos(90-xlat) . \

vhere xlat and xlon are the latitude and. longitude of the

point. The Euler rotation of the peint caq then be written
Y= A*x | (A3.2)

vhere y is the new Qector of x and A is the trans '

matrix. In terms of (LAT,LON,ROT)qA_is givén by (Jeffreys
P

and Jeffreys (1946)) J ’ : ~ -
2% (1~ *n_* (1-C) - *n_ * (1= *

C+n;2* (1-C) n, 11‘2 (1-c) n-3*S n *n, (1 C)+n2 sA

nl*nz*(1—C)*n3*s C+n, 2#*(1-C) h2*n3*(1-c)-nl*s (A3f3l

n3*nl*(1-C)-n2*s n2*n3*(1-C)+n1*S C+n32* (1-C)

wvhere R = (dysNyong), C = cOS(ROT) and S = sin(ROT). The
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direction cosines n,,n, and n3 are determined from
(LAT,LOSi. Rotations were performed ‘using the above
formulation for A and equation (A3.2). ﬁhen several
subsequont rotations take place the resultant transformation
matrix is calculated by multiplying togethef the iodividual

. Fo ;
Patrices. It 1is alsa nescessary tg oe able to invert thé
resultant matrix A in terms of (LAT,LON,RQOT). From equation
(A3.3) it 1is ;een.that the trace of ﬁﬁiﬁﬂ{/* 2 * cos (ROT)
and the angle of rotation‘cag therefore be determined as ROT
= 1arc05((all+ ay, * ag, )/;;. The sign depends on the

‘hemisphere- chosen. for ' the pole. Since R is fifed the

following must hold

1

A *R=R

CA-E) *xR=0

[ om

vhere [ is the unit matrix. The sysem of linear equation to

find R are.

@, -1 * o) *a, %0y e apy * ny =0
azlAt“B*\\_ t @y - ¥, +a,g % g =0 (A3.4)
agp *ny ¢ 3,30, t @33N *uy=0
. S \
where aij r (1= 1,2,3 and j = 1,2,3) are the elements of A

This homogeneous system ° can oh1y~be solved for ratios of

n,, n, and D 5. The system .

(a3 - 1 * k“l/n3’ ¢ 312 * (ny/m3) = -ap,
521 *'(nl/n3) t (ay, = 1) * 152/n3) = -a,, (A375)
will give nl/n3)aod nz/n3 as
ny/ny = A, /A5 and ng/ﬁ3‘= Ay/By | (A3.6)

)
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where A A, and A, are the determinants of (A3.5). Fron

1" "2 3
‘{A3.1) and (A3.6) it is seen that

(ny/n3) /(ny/ny) = A,/A4

LON = artan(nz/nl) (A3.7)
Xnd COLAT = (90 -LAT) is

COLAT = arctan [ (nl/n3)z + (nz/n3)<g)

"

arctan( (A2 + Aéz)/ A42?) (A3.8)
There 'éré two possible‘ poles of rotation; One in fhe
northern and one in the southern hemisphefe. A usefull
FORTRAN ‘function is ATAN2 (x,Y) = arctan (y/x) which
etermines which éuadrant the point (x,Yy) is in. Thus (A3.7)
can be writfen |

. LON = ATAN2(A,/A4,A /A ) (A3.9)
and the bole can no; be either in the northern or southern
hemisphere. By <chosing ROT to be positive itv is then
possible to fix (LAT,LON) t; either hemisphere by
calculating an A from the inverted values of (LAT,LON,ROT)

and compare to the original A . In the/ actual calculations

other considerations must be taken. If ROT %éo then A = E ,

A, = A, = Ay = 0, and (LAT,LON) are Pndefined. COLAT = 90°
also gives Al = A, = ’A3 = 0 and LON must be cglculated
differently. Using Z

a11 <

(Cos (LON) ) 2 (1 - cos(ROT)) + cos (ROT)
gives . '/ \

LON

\ v
arcos( (a - cos(ROT)) /(1 - cos (ROT))

11
The sign of LON can be d termined from

@12 = Py * Ny * A1 - COS(ROT) + n  * sin (ROT)

i

(Sin (COLAT))2 = sin(LON)_* cos (LON)

>



200
L

.= sin (LON) = GéS(LON) o

Thus alé and LON have the same sign. The last complication

vhich can arise is when COLAT = 0 giving Al A2 = 0. Since

the pole is at the North Pole, LON can be given any

arbitrary value.



NPPENDIX~4

MINIMIZING THF CONTINENTAL MOVEMENT1

The present day map cf laanasscs (bounded by 500 fathon
linesg) were 'divided 1nto a number of equal area segments
each Lepresented by one point. A total of 625 points ;ére
us2d. To <calculate the minimum movement for a contlnental
segment fr?m/éerlod A tc reriod B, the Euler rotation (pole
~and angle of rotation(LAT,LON,ROT)) was found from the Euler
Iotations from - present to A and ghe present to B. The
Novement from A to&;) ror a continental ségment is then
carried out by rotating it by an angle ROT ardgnd the point
(LAT,LON) . Each point belonging to the. continental segment
is then movihg along a small circle with radius D calculated
as  the distance from the point to (LAT,LON). The

) displacement along the small circle is ROT = sin(D) degrees.

Continent B could then te mdved a specified number of

oo

degrees Oof longitude, The new resultant movement
" (LAT,LCN.R2T) for each segment is qalcdlated and the sum of
the squares of the distances found for each equal area
~Point. A minimur in the sum of the squares of theN distances

as a functicn ~f lc.gitudinal movement was found and the

-

corresponding miniaun L ma ximum velocity of the

continental segment was ~a'~ulated,
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APPENDIX"S

THE PROGRAMS

The main programs are listed first and at the end all
the subroutines are given in alphatetical order.

-
(XY

N
)

A
X

13

"CALCULATION OF TRAVEL TIMES, DISTANCES, APPARENT
VELOCITIES FOR FOR ANY NUMBER OF STATION

EVEFT COMBINATIONS AND+FOR UP TO 39 DIFFERENT SEISMIC
PHNSES. THE INPUT IS MADE EASY BY HAVING 3 LIBRARIES OF:

1: STANDAFD STATION COORDINATES
2: EVENTS o
3 TRAVEL TIME TABLES

INPUT IS ONLY THE PHASE NAME,YTHE STATION IDENTIFIER AND
" AND AN ASSIGNED EVENT IDENTIFIER.
THE OTHER INPUT AND OUTPUTS ARE:

4: INPUT OF STATION AND EVENT IDENTIFIERS

S: CHOSEN PHASES AND PROGRAM PARAMETERS

6: OUTPUT OF ALL THE CALCULATIONS ARRANGED AS THEY
PROCEED, THAT IS FOR ONE PHASE AT A TIME.

7: OUTPUT OF THE DATA IN CONCENTRATED FORM AND
SORTED QUT SO ALL RELEVANT DATA FOR ONE STATION-

. EVENT COMBINATION IS TOGETHER. OUTPUT IS FORMATTED
TO FIT 2 LIBRARY CARDS.

L

8: A SCRATCH FIlE

STATION LIBRARY: INFORMATION ABOUT THE STATIONS USED. ONE
STATION FOR EACH LINE. THE INFPORMATION IS STATION
IDENTIFIER, LATITUDE IN DECIMAL DEGREES (+NORTH), _
LONGITUDE IN DECIMAL DEGREES(+EAST), ELEVATION IN KM AND
ALPHA NUMERICAL STATION INFORMATION. A BLANK LINE-
INDICATES END OF DATA. .

FORMAT (2X,A4,4X,3FP10.0,12A4)

EVENT LTIBRARY: INFCRMATICN ABOUT THE EVENTS, ONE EVENT .
FOR EACH LINE. THE INFORMATION IS DAY, MONTH, YEAR, HOUR,
MINUTE, SECOND, LATITUDE (¢NORTH), LONGITUDE(+EAST), DEPTH
(KM) , MAGNETUDE, COMMENT,EVENT IDENTIFIER, EVENT NUMBER,
EVENT LOCATION,

FORMAT (513,3F10.3,F4,.0,F4,1,6A1, 1X,A4,2X,A4,1244)

TRAVEL TIME LIBRARY: CONTAINS TRAVEL TIME TABLES WITH
J-B FLLTPTICITY CORRECTION TABLES, AND CORRESPONDING

SURFACF VELOCITIES (KM/SEC) .
1. LINE: NAME OF PHASE AND NUMBER OF REFLECTIONS, E.G.
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PPP 3 FORMAT (2X,A4,2X,I1)
2. LINE: DDEL AND I. FORMAT (FS.2,I4)
DDEL: INCEFMENT IN gPICENTRAL DISTANCE (DEGEEES)
IN TRAVEL TIME TABLE.
L: INITIAL DISTANCE IN TRAVEL TIME TABLE.

3. LINE: A GROUP OF LINES GIVING THE TRAVEL TIMES.

EACH LINE CONTAINS TRAVEL TIMES FOR ONE
DISTANCE AND 14 DEPHTS. INPUT COME IN ORDER

OF INCREASING DISTANCE AND THE TRAVEL TIMES )
ARE GIVEN IN MINUTES AND TENS OF SECONDS. L
FORMAT (14 (12,13)) ‘ ) l

A BLANK LINE INDICATES END OF TRAVEL TIME

DATA.

4 GROUP OF LINES: 2 LINES GYVING THE J-B ELLIPTICITY
CORRECTIONS POR THE FUNCTION F(DISTANCE) FOR THE
DISTANCES 0,10,20.4v04....180 DEGREES.

FORMAT (10F6., 3)

NEXT LINE: NEAR SURFACE VELOCITY OF THE CORRESPONDING

PHASE.
FORMAT (F6. 3)

THE ABOVE GROUPS OF CARDS CAN BE REPEATED FOR ANY
NUMBER OF PHASES. THE ORDER DOES NOT MATTER. THE

LAST LINE IN.THE FILE MUOST BE THE WORD SLUT,

FORNMAT (2XA4) . THIS IS TO ENSURE THAT IF A CHOSEN PHASE
IS NOT FOUND AT THE END OF THE TABLE, THE READING
WILL START FROM THE BEGINNING AGAIN, THUS READING
THE WHOLF TABLE.

'S

INPUT OF STATION AND EVENT COMBINATIONS FOR
THE DISIRED CALCULATIONS. THE REASON THAT THIS
INFORMATION IS READ FROM A SEPARATE FILE IS
THAT THE SAME SET OF STATION-EVENTS THEN CAN
BE USED FOR ALL THE DIFFEZRENT PHASE CALCULATIONS
BY REWINDING THE FILE. ¢ CAN BE A TERMINAL OR
CARDS WHEN VERSION "CHEAP" IS USED. SEE BELOW.
VERSION "CHEAP":

1. GROUP OF LINES: EACH LINE CONTAINS A CHOSEN
STATION IDENTIFIER AND THE CORRESPONDING
SURFACE VELOCITY. IF THE VELOCITY IS ZERO
THE DEFAULT .SURFACE VELCCITY FOR THE
CORRESPONDING PHASE (READ FROM INPUT 3)

IS USED. A BLANK LINE INDICATES END OF
STATIONS.
FORMAT (A4,F10.0)
2. GROUP OFP LINES: ONE LINE GIVING THE EVENT
IDENTIFIER AND EVENT NUMBER.
FORMAT (A4, 1X ,A4) '
IN VERSTON “CHEAP"® CALCULATIONS ARE ONLY MADE
FOR ONE EVENT AND A NUMBER OF STATICNS AND
PHASES. THIS VERSICN IS CONSIDERABLE CHEAPER
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IN TERMS OF CPU TIME THAN THE STANDARD
VERSTON, WHICH CAN CALCULATE THE TRAVEL TIMES
FOF ANY COMBINATIQN OF A NUMBER OF PHASES,
STATIONS AND EVENTS. THIS INVOLVES READING
FILE 1, 2 AND 3 FCE EACH NEW EVENT USED.

STANDARD VERSION:

1. GROUP OF CARDS: AS IN VERSION "CHEAP®".

2. GROUP OF LINES: ANY NUMBER OF LINES .
SPECIFYING THE EVENT IDENTIFIERS. i";”
SAME FORMAT AS IN VERSION "CHEAP" .A BLANK
LINE INDICATES END OF EVENTS.

3. GROUP OF LINES: ANOTHER SET OF STATIONS AND

" EVENTS CAN BE READ IN. 2 BLANK LINES
INDICATES END OF INPUT OF STATIONS-EVENTS
COMBINATIONS. ) ‘

e
1. LINE: CHEAP,NL :
CHEAP: VERSION "CHEAP" IS USED-, JF THF
INPUT IS THE WORD 'CHEAP ' '
NL: IF DIFFERENT FPROM ZERO DATA IS
WRTTTEN OUT ON UNIT 6.
FOEMAT (A8,1I10)
2. AND 3. LINE: PHASES FOR WHICH TRAVEL TIMES
AREF CALCULATED. UP TO 39 DIFFERENT
PHASES CAN BE USED. 4 BLANKS INDICATE
END OF PHASES.
FORMAT (2CAY) |
IF VERSION "CHEAP"™ IS USED THE PHASES MUST
BE READ IN IN THE SAME OFDER AS THEY
APPFAR IN THE TRAVEL TIME TABLE (INPUT 3).
IN THE STANDARD VERSION THE ORDER DOES NOT
- MATTER,” BUT THE RUNNING COST CAN INCREASE
: Up TO 100% IF THEY ARE NOT IN ORDER.
4, LINE : JCODE: '
JCODE=1: GEOCENTRIC LATITUDE IS WSED TO
COMFUTE DISTANCES.
JCODE=0: BULLEN'S SEISMOLOGICAL LATITUDE
IS USED TO COMPUTE DISTANCES.

OUTPUT: SELF EXPLANATORY.

IN A FOEMAT SUITABLE FOR PRINTING ON LIBRRARY !
FOR PRINTING LIBRARY CARNS USE RHE FOLLOWING
COMMANDS: '

SIGNON XXXX FORM=1K RIE. ON=SC

SET LINECNT=66

COPY FILE7 TO *EBRINTx*

CONTAINS ALMOST THE SAME OUTPUT DATA AS 6,éBUT

K

204
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205 —

NOTE ABOUT THE OUTPUT: IF THF EPICENTRAL DISTANCE EXCEEDS

~* THE DISTANCE IN THE TRAVEL TIME TABLF, ZERO'S WILL BE
INSERTFD FOR ALL CUTPUT VALUES CALCULATED USING THE
TRAVEL TIME TABLE.
3: SCRATCH FILE. )
AN EXAMPLE OF A RUN DECK
SIGNON HAVS PRIO=D TTME=25S P=80¢ RETURN=PHYS
CRE -P SIZE=80p . .
PUN TR+LIB 1=STATIONj 6=-PK  2=EVENT 3=T7 4¢=-ST 7=CARD1 8=-
CHEAP .
P PKP S SKS PF SS P-P S-P PCP PCP2SCP PCS PS SP P-S S-S5 SCS
DIMENSION FT (200),FG(200), . TSUR(200)
DIMENSION DEL (200),AZ (200) ,AZE (200)
INTEGER ZERO/* '/,ST,STA (200)
DIMENSTION SLDEL(200),TP(200),DT(ZOO),ELEVA(200),VELOC(
. %200)

DIMENSION FLT (2),FLG(2) 7
DIMENSION FLAT (2) ,FLONG(2),GLAT(2),CLAT(2),SLONG(2),CL
*ONG (2)
DIMENSION A(2),B(2),C(2),C0SZ(2),SINZ(2),Z(2)"
1, LT(2),GLT(2),LG(2),GLG(2),
25GLAT(200) CDEI1(200),XMIN(14),XSEC(14),RECORD (20)
DIMENSION BLAT(2),AS(2),BS(2),CS(2),CLAS(2)
DIMENSION pLLIP(19;,TCELL(200)
REAL LAT(500),LON (500) ,HI (500)
DIMENSIga//iOC(BOO ,12) ,SSLOC (300,12)
COMMON (14,201) ,IDEP (14)
" INTEGER PHAS (40),NSTA(500),PPHA,SLUT/*SLUT'/,CHO, NCOUN
*T (50)
REAL*8 CHEAPP,CHEAP/'CHEAP vy
702 FORMAT (2X,A4,2X,I1)
703 FORMAT(2X,A4,4X,3FP10.0,12A4)
704 FORMAT('0',1X,A4," IAT=',F10.2,' DEG *,*LONG="',F10.
*2,* DEG )
1',' ELEV.=',FS5.3,' KM. VEL.= ',F5.3,' KM./SEC.
. *4)
7C5 FORMAT (513,3F10.3,F4.0, Fa 1,641, 1X, 12A4)
706 FORMAT(/'0!," EVENT' I3,' DAY,MON.,YR.= ',313,!
© %1 ,T13,¢ HR, ‘
1,13,' MIN. ',F5.2,' SEC. LAT,= ',P6.2,' DEG.
¥= v, = — ‘
1F7.2," DEG.') ' ' .
707 FORMAT ('0',' DEPTH= !',F5.0,' KM. MAG.= 'JF4.1,3X,6A1
*,3%,1244)
708 FORMAT ('O, STATION SEISMIC DIST. (DEG) GEOC. .
*DIST. (DEG) :
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1GEOC. DIST. (KM) GEOC AZ.(FP) GEOC. AZ. (ST) )

709 FORMAT('O',10x,Aa,9x,F8.3,8x,F8.3,6x,F9.2;6x,P7.2,5x,F

71
71
71
71
71

71

71
71

71

72
72
72
724
725
728

735
75¢

155

T€C
751

7152

753

*7,2)

1 FORMAT(FS5.2,314)

2 FORMAT (1414)

3 PORMAT (14 (F2.C,F3.1) ,A4,F4.1,A2)

4! FORMAT (I3) ‘

5 FORMAT('0',* BULLEN SEISMOLOGICAL LATITUDE USED TO cou
*PUTE TIMES!') .

6 FORMAT('0',' GEOCENTRIC DISTANCES USED TO CALCULATEZ TR
*AVEL TIMES') N

7 FORMAT (10F6. 3) : ”

8 FORMAT('C',1X,*'STATICN DAY HR. MIN SEC. PHASE TIME
*ELLIP. CORR '

1. SURF. CORR. DT D DEL(SEC/DEG) APP. VEL(KM/SEC) ANG.
*0F INC. : : ‘
*PHASE,CP,CS"'). : ' '

9 FORMAT('O',2X,A4,2X,I3,1X,I3,1X,I3,2x,F6.2,1X,F8.2,4X,
*F6.2,8X,F6.2 ' '
1,8X,F6.2,10X,F6.2,2X,4F7.1)

C FORMAT ('0f,*' TRAVEL TIMES IN ERRQR?)

1 FORMAT(F2.0,F3.1,13F5.1,A4,F4.1,A2) —

2 FORMAT('0*',*DDEL= ',F5.2,' L= *',T4,! MODE= ', I4)

FORMAT(///2X,A4,' TRAVELTIMES'/) " ®

FORMAT (/' PHASE *,A4,' NOT IN TRAVEL TIME TABLE'))

FORMAT(///' NUMBER OF PHASES FOR WHICH TRAVELTIMES ARE!

*l . ‘ :

*! CALCULATED',IS,/*NUMBER OF TRAVELTIMES CALCULATED FO

*Rl,

*¢ EACH PHASE',I5//)

FORMAT (A4,F10.0) :

FORMAT (20 (A4))

FORMAT (A8,110) ‘ .

FORMAT (*STATION *,A4,' NOT FCUND IN LIBRARY?)

FORMAT (60X,Ad4,2X,A4)

FORMAT ("EVENT WITH SOURCE ',A4,' AND NUMBER ',A4,"' NOT

*FOUND IN EVENT LIBRARY') '
FORMAT (*NUMBER OF STATIONS IN LIBRARY',I5)

MDE = 0

INPUT OF PHASES PHAS(-) FOR TRAVEL TIMF CALCULATION.

ITI COUNTS THE NUMBER OF-PHASES SEARCED FOR THE TRAVEL
TIME TABLE " ‘

MINUS CHO IS NUMBER OF PHASES NOT FOUND IN TRAVEL:
TIME TABLE .

CHO=(
ISLUT=0 :

I111=0 ' _ .
READ (5, 755) CHEAPD, NL

READ (5,750) (PHAS(I),T=1,40)
READ(5, 714) JCODE



C
C

402

415

401

r 1
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GO TO 401

REWIND 3

ISLUT=ISLUT+1

IF(ISLUT. EQ.2) GO TO 415
GO TO 400

WRITE(6,725) PHAS (I11)
ISLUT=C

CHO=CHO-1 - :
TIT=TITI+1 , ' N
REWIND ¢ . v - :

FND OF PHASES

IF(PHAS (III).EQ.ZERC) GO TO 930
NNN=0
KEPIC=1

INPUT OF TRAVEL TIME TABLE

400

811

-, 812

2N eKe!

814

815

813
818
819

830

831

READ(3,702) PPHA
IF(PPHA.EQ.SLUT) GO TO 402
IF(PPHAJNE.PHAS(III})) GO TO 400
WRITE(6,724) PPHA

BACKSPACE 3

READ (3,702) PPHA, NMN

READ (3, 711) DDEL, L

MDE=0,0

MODE=0

IF(NL.NE.O) WRITE (6, 7°2)DDEL L,MODF
READ (3,712) (IDEP(1ZK),IZK=1,14)

IF(MODE) 830,812,830
READ (3, 713)(XHIN(I),XSEC(I),I 1,14) ,PHASE, DEG,JB
DO 814 1=1,

TA (I, 1)—XSEC(I)+XH;N(I)*60.

CONTINUE

J=1
READ(3,713)(xnIN(I),XSEC(I),I=1,14),Pﬁa;DE,Jf
CHECK IF CARD IS BLANK SIGNALLING END OF PHASE DATA.
-IF(XSEC(1)+XMIN(1) €13,840,813

Jd=J+1

" JMAX=J

DO 819 1I=1, 14

TA(I,J)=XSEC(I)+XMIN(T)*60.

CONTINUE - )

GO TO 815

READ (3,721) XMIN(1), +XSEC(1), (XSEC(I) ,I=2,14) ,PHASE, DEG,
*JB

TA(1,1)= =XSEC (1) +XMIN(1)*60.

DO 831 I=2,14 -

TA(I,1)=TA(1, 1~ XSEC(I)

CONTINUE

J=1
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GO TO 832
84C CONTINUF
READ ELLIPTICITY CORRECTION IN SEC/KH AT 10 DEG
INTERVALS FROM O 18C DEGREES.
READ (3, 717) (ELLIP(I),I=1,19)
- READ SOUFACE COPRRECTICN VELOCITY FROM TRAVEL TIME TABLE
READ (3, 717) VVELO
IFP((III+CHO).GT.1) GO TO 75
1=0
70 I=I+1
INPUT OF STATION LTIST

'C

C
C

832 RFAD(3 771)XMIN(1),XSEC(1),(XSEC(I),- 2, 1u).PHA DE,JC

IF(X%EC(1)+XFIN(1))833 BQC 8133

833 J=J+1
JMAX=]

836 TA (1, J)”XSFO(1)OXMIN(1)*60
DO 839 I=2,14 , .

IF PHASE DEPTH CORRECTICN IS ZFERO, PHASE DOES NOT
EXIST, SET TA=C. y

IF (XSEC(I)) 637,837,838 o
837 TA(I,J)=0.0" o (
GO TO 839 ‘ Yoo ¢’
838 TA(I,J)=TA(1,J-XSEC(I)
839 CONTINUE

*12)
IF(NSTA(I).EQ.Z2ERC) GO TO 71
NNST=I
GO TO 70

71 WRITE(6,753) NNST

GO TO 2003

75 _ CONTINUE

~ IF(CHEAPP.EQ.CHEAP),GO TO 303

2003 N=0

4 -

C

READ (4, 735) ST, VELG
TF(ST.EQ.ZERO) GO TC 206

FINDING THE CHOSEN STATION IN THE LIST

CALL LOOK1(NNST,ST,NSTA,INDEX)f
IF(INDEX.EQ.0) GO TG 20

N=N+1 -

FT(N)=LAT (INDEX)
FG(N) =LON (INDEX)

STA(N) =NSTA (INDEX)
ELEVA (N) =HI (INDEX)

READ (1, 703)NSTA(I),LAT(I),LON(I),HI(I),(SLOC(i,J),J=1,

208
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20

207

1

765

310

305

3C0

303

™ 209

s

-

DO 277 J=1,12
SSLOC (N,J)=SLOC(INDEX,J)

TF{VELO.FQ.0.) VELO=VVELO

IF ( MDE L.EQ. 1 ) VFLO = VELO * (.576

VELQC (N) =VELO

IF(NIL.NE.C) WRITE (6, 7ou)smA(N),rT(N),FG(N),ELEVA(N),VEL
%0

GO TO 4 ,
WRITE(6,76C)ST '
GO TO 4
CONTINUE

" IS CUFRENT NUMBER OF OBSERVATORY FOP UHICH DISTANCES‘~
ARE BEING COMPUTED.

M=1

REWIND 2

NPUT OF EVENT FROM FILE, NSO AND NNO ARE THE IDENTIFPIERS

PEAD (4,765) NSO, NNO |
FORMAT (A4, 1X,A4)
IF(NSO.EQ.Z2ERO) GO TO 305
READ(2,751) IS0, INO
IF(IS0.EQ.ZERO) GO TO 300
IF(ISO.NE.NSO) GO TO 310
IF(INO.NE.NNO) GO TO 310
BACKSPACE 2
READ (2,705) 1D, IM,IY,IH,IN,RSEC, FLT (1) ,FLG(%),RDP, RMG,S
*1,52,53,54,S
15, b,(RFLORD(I),I=1,12). .
GO TO 303 e
CONTINUE
IF(CHEAPP.EQ.CHEAP) GO TO 401
READ (4, 750) NSO ,
IF(NSO.@G.ZERO) GO T0 401
BACKSPALE u
GO TO 3
WRITE (6,752) NSC, NNO
GO TO 207
CONTINUE
IE(NL.NE.O)WRITE(é,706)KEPIC,ID,IH,IY,IH,IN,RSEC FLT (1
%) ,FLG (1)
IF(NL NE,O) WRITE (6,707) RDP,RMG,S1,52,53,54,S55,S6

- {RECORD(I),I=1,12)

AT(1)—PLT(1)/“7 2957178

LONG (1)=FLG (1) /57.295778

COMPUTE GEOCENTRIC LATITUDP OF EARTHQUAKE

A\
GLAT(1)—ATAN(O 993277* (SIN(FLAT (1)) /COS(FLAT (1)) ) )"

- EGLAT=GLAT(1)

CLAT(1)-COS(GLAT(1)) .
SLONG (1) =SIN(FLONG (1))

CLONG (1) =COS (FLONG (1))

A(1)=CLAT(1)*CLONG(1) ~



c .
C
C
C

203

204

205
c
c
C
C
C
c
C
C
C
C

66

17

6
c
C
c

)

o

B(1)=CLAT(1)*SLONG(1)
C(1)=SIN(GLAT (1))

CALCULATE SEISMOLOGICAL LATITUDE OF EARTHQUAKE

FOLLOWING BULLEN.,

BLAT(1)—1.1*GIAT(1 0. 1*FLAT (1)

CLAS (1) =COS (BLAT (1)) -
AS(1)=CLAS (1) *CLONG (1)

BS (1) =CLAS (1) *SLONG (1)
CS(1)=SIN(BLAT (1))

IF(M-N) 2C4,204,301

FLT(2) =FT (M)

FLG (2) =FG (M)

ST=STA (M)

FLAT(2)=FLT(2)/57.295778 _
FLONG(2)=F1L.G(2)/57.295778 ‘

COMPUTE GFOCENTRIC LATITUDE OF STATION FROM GEOGRAPHIC

LATITUDE

GLAT (2) =ATAN (C. 993277*(SIN(FLAT(2))/COS(FLAT(2))))

CLAT (2) =COS (GLAT (2) )
SLONG(2) =STIN (FLONG (2))
CLONG (2) =COS (FLONG (2) )

COMPUTE EPICENTRAL DISTANCE, DELTA.
A (2)=CLAT (2) *CLONG (2)"
B (2) =CLAT (2) *SLONG (2)
C(2)=SIN{(GLAT(2))

24

COMPUTE BULLENS SIESMOLOGICAL LATITUDE OF STATION, BLAT (2) .

BLAT (2)=1.1*%GLAT (2-0.1*%FLAT (2)
CLAS (2)=COS(BLAT (2))
AS(2)=CLAS(2) *CLONG (2)

BS (2) =CLAS (2) *SLONG (2)
CS(2)=SIN(BLAT(2))

SCOSD=AS (1) #AS (2) +BS (1) *BS(2) +CS (1) *CS (2)

SSIND=SQRT(1.-SCOSD**2)
SDEL=57. 295778*ATAN(SSIND/SCOSD)
TF(SDEI" %6,77,77

SDEL=S- - -180.

COSDT=4 (1) *A (2) +B (1) *B (2) +C (1) *C (2)
SINDT=SQRT(1.-COSDT*%2)
DELTA=57.295778%ATAN (SINDT/COSDT)
IF(DELTA)6,7,7

DELTA=DELTA+180,

CALCULATE AZTNUTH,AZ, AND BACK AZIMUTH,

7 (1) *C (2~ B(2)*C(1)
//’é§“§(1)*C(2 A(2)*C (1)

/

AZE.

=
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000

C

XK=A (1) *B (2-A (2) *B (1)
DO 8 I=1,2

COSZ(I) =~ (XI*SLONG(I)+XJ*CLONG (I))/((~1.)**I*SINDT)
SINZ(I)=(-((=1.)**I/CLAT (I)) *XK)/SINDT

"Z(I)=57.295778*ATAN(SINZ(I)/COSZ(I))

501
502

503

555
2C8

301

IF(CO0SZ(I))9,10,10
2(I)=2(I)+180.

IF(Z(I))11,8,8

2 (I)=Z(X)+360.

CONTINUE

IF(FLT(2) .EQ.-90.00)G0 TO 500

GO TO 208 '
DELTA=S7.295778*ATAN((SQRT(1.—C(I)**2))/(-C(I)})
IF (DELTA)501,502,502 :
DELTA=DELTA+180.

2(T)=180.

TF(FLG(1))503, 504,504

Z(2)=360.+FLG (1)

GO ToO 208

Z2(2)=FLG (1)

IF(NL.NF.0)WRITE (6, 555)

FORMAT (///)

DEL.(M) =DELTA

SLDEL (M) =SDEL

DEL (M) =GEOCENTRIC EFICENTRAL bISTANCE IN DEGREES.

211

SLDEL (M).= SEISMIC LATITUDE FPICENTRAL DISTANCE IN DEGREES.

AZ (M) =2 (1) ™
AZE(M) =2 (2)
SGLAT (M) =GLAT (2)

CHOOSE NEXT STATION AND CALCULATE DISTANCE AGAIN,

M=M+1
GO TO 203
CALL DEGKM(N,EGLAT,SGLAT,DEL,CDEL)

SUBROUTINE DEGKM COMPUTES GEOCENTRIC DISTANCE,CDEL, IN KM.

IF(NL.NE. Q) WRITE (6, 708)
DO 17 I=1,N

IF(CHEAPP.EQ.CHEAP) VELOC(I)=VVELO

LF(NL.NE.O) WRITE(6,709)STA(I) ,SLDEL (I) ,DEL (I) ,CDEL(Tj,
*AZ(I),AZE (I) ,

IF(IXII.GT.1) GO TO 17

OUTPUT OF DATA TO LIBRARY CARDS

771

WRITE (8, 774) STA(I),IS0,INO ‘
WRITE(8,771) (SSLOC (1,J),d=1,12) ,FT(I),FG(I),ELEVA (I)

FORMAT (1X,12A4,/,% STATION DATA-: LAT,LON (DEG) ,ELEV (KH)

* ',/ .
*1X,2(F8.3,1X) ,F5.3,1X,F5.2)

e



772

773

775 .

774
1

778

779

780

O N0

eNeNeoNeNe)
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91

91

91

WRITE(8,772)(RECORD(J)7J=1,12),FLT(1),FLG(]),RDP,RHG,
$*ID,IM,IY,IH,IN,RSEC

FORMAT (1X,"EVENT DATA: ID AND LOCATION.',/,1X,12A4,/,

* e LAT,LON(DEG):',1X;2F8.2,/,1X,'DEPH(KH) AND MAG. ',

*F6.1,1X,F4,1,,/,* ORIGIN TIME: ',5(I3),1%X,P5.2)

WRITE(8,773)SLDEL(I),DEL(I),CDEL[I),AZ(I),AZE(I)

FORMAT (1X,*DISTANCES AND AZIMUTHS:',/,* SEISM DIST(DEG

x) s, ' .

*1X,F7.2,/,1X,'GEOC DIST(DEG): *',F7.2,/," GEOC/bIST(KM)

X0

: v .
*F8.1,/' GEOC AZM(DEG) =V: L .
*F7.2,/41X,'GFOC AZM(DEG) ST: !',F7.2)

WRITE(8,775)

FORMAT (* THE FOLLCWING CARD HAS PHASF ARR. TINM',
**E(HR,MIN,',/," SEC), RAY PARAMETFR P (SEC/DEG) ,APPAREN
*T VELOCITY"',
*/¢' APPV(KM/SEC), ANGLE OF INCIDENCE AINC(DEG) ',/
*' FLLIPTICITY CORRFCTION CELL (SEC) AND STATION',
*/,' ELEVATION CORRECTION CSUR(SEC) ")

WRITE(7,774)STA(I),1S0,INO

FORMAT (1X,A4,20X,Ad,1X,A4)
7 CONTINUE

IF(III.GT.1) GO TO 780
bo 779 I=1,N
WRITE(7,778) )
FORMAT (' PHA ARR TIME p APPV AINC CEL CS
*UR?') .
CONTINUE
CONTINUE :
IF(JCODE-1)910,911,911

CALCULATION OF TRAVEL TIMES AND VELOCITIES

¢ CALL TIMEP(N,JHAX,L,DDEL,RDP{&gPEL,TP,DT;
IF(NL.NE.Q) WRITE (6,715)
GO TO 912

1 CALL TIMEP(N,JMAX,L,DDEL,RDP,DEL,TP,DT)
IF(NL.NE.O) WRITE(6,716)

2 IF(NL.NE.Q)WRITE(6,718;
R=6371.

CALCULATE ELLIPTICITY CORRECTION FOR EARTHQUAKE.
CALCULATE SURFACE CORRECTIONS AND ABSOLUTE TIMES FOR

N STATIONS.

-bO 920 I=1,N

IF TRAVEL TIME OR VELCCITY IS NON EXCISTENT, THE AFFECTED
OUTPUT VARIABLES ARE ZERO. .
IF(TP(I).EQ.C.) GO TO 1009
FGFG=FG(I)/57.295778 _ _
CALL MELTP(NMN,GLAT (1), FLONG (1), SGLAT (I) ,FGFG,ELLIP, RD
*P,DEL (1) .

-~
an
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1002

1003

1004

1005

10C6
1007

1008

1009
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%, TCELL (I))

COMPUTE ANGLE OF INCIDENCE ,AINC, AT SURFACE AND FIND SURFACF
CORRECTION AT OBSERVATORY STATION, TSUR.

TSUR(I)[=ELEVA (I)/ (VELOC (I)*COS (AINC))
VANG= (VELOC (I) *DT (I)*57.3/R)

TF (ABS(VANG) .GE.1.0) VANG=0.
VANG=ARSIN(VANG) *57. 3
CVANG=13,64*DT (I) *57.3/2898,

IF (ABS (CVANG) .GE.1.0) CVANG=O.
CVANG=ARSIN (CVANG)*57.3
CSANG=7.30%DT (I)*57.3/2898

TF (ABS (CSANG) .GE. 1.0) CSANG=0.
CSANG=ARSIN (CSANG)*57.3

AINC=AjSIN(VELOC(I)*57.3*DT(I)/R)'
)

TP = PREDICTED ARRIVAL TIME FULLY CORRECTED.
ORIGIN TIME OF EVENT IS ID DAYS, IH HOURS, IN MINUTES,
RSEC SECONDS. )

TP(I) = TP(I) + TCELL(I) +TSUR(I)
MINI=TP(I)/60.

GM = MINT

IHR=GM/60. ‘

TSEC = TP(I) - GM * 60.0

COMPUTE AESOLUTE TIME OF ARRIVAL OF PHASE.

TSEC=RSEC+TSEC
TF(TSEC-60.)10C2,10C1,1001 ]
TSEC=TSEC-60.C .
MINI = MINI + 1

"IMIN = MINI + 1IN

IF(IMIN-60)1004,1003,°003 N
IHR=IHR+1

IMIN=IMIN-6C

IHR=IH+IHR

IDR=ID

IF(IHR-24)1006,1005,1005

THR=IHR-24

IDR=ID+1

IDN = 1

IF(DT(I)) 1007,10C€8,1007
SCA=2.%3.14159%R/360.

APPV=SCA/DT (I)

GO To 1010

APPV=0.0

GO TO 1010

CONTINUE _ °

TDR=0

IHR=0

IMIN=C

TSEC=0.
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1010

742

920

930

U
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TP(I)=0.

TCELL (I)=0. .

TSUR(T)=0.

VANG=0,

SANG=0.

CVARG=0,

CSANG=(.

APPV=0, _ s
IF(NL.NE.O)WRITE(é,719)STA(I),IDR,IHR,IMIN,TSEC,TP(I),
*TCELL (1) ' '
*, TSUR(Y), DT (I),

1APPV,VANG,CVANG,CSANG .
WRITE(?,?UZ)PHAS(III),IHR,IMIN,TSEC,DT(I),APPV,VANG,TC
*ELL (1), ‘
*TSUR (I)
FORMAT(1X,A4,1x,2(Iz,1X),2(F5.2,1X),2x,F5.1,1x,Fa.1,1x
*,2(F5.2,1X%))

NNN=NNN+1

CONTINUE

NCOUNT (KEPIC) =N

KEPIC=KEPIC+1

IF(CHEAPP.EQ.CHEAP) GO TO 401

GO TOo 207

‘CONTINUE

SING SUBROUTINES SHUF AND' SPT, THE FILES ARE NOW

REARRANGED TO GET THE PHASES IN THE RIGHT ORDER, AND
TO FIT THE LIBRARY CARD FORMAT.

412

417

413
456

410
451
411

IIT=III-1-CHO
WRITE(6,728) III,NNN

KEPIC=KEPIC-1

IF(CHEAPP,NE.CHEAP) CALL SHOF (7,KEPIC, NCOUNT)
ITI=TIT+2 , j
LIII=20-T1I

IP(LIIT) 410,411,412

CONTINUE

READ (7,450, END=417)

GO TO 412

CONTINUE

DO 413 L=1,N

DO 413 K>q,L1Y

WRITE(7,450)

FORMAT (/)

III=20

GO TO 411

WRITE(6,451) .

FORMAT (/, 'TOO MANY LINES TO PRINT CARDS', /)
CONTINUE

- CALL SPT(7,8,III,NNN)

STOP
END
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THIS PROGRAM IS A GENERAL VZLOCITY - AZIMUTH SPECTRAL

ANALYSIS FRODUCED BY P. R. H. GUTOWSKI AT THE U. OF ALBERTA
{ .

"THE PROGRAM HAS BEEN CHANGED SUBSTANCTALLY BY JENS HAVSKOV
LATEST UPDATE IS FRCM JUNE 1976.

THE MOST IMPORTANT CHANGES ARE:
CORRECTICN FOR STATION ELEVATION,
CORRECTION FOR EARTH CURVATURE AT THE ARRAY SITE. THIS
CORRECTION IS ONLY IMPORTANT FOPR. LARGER ARRAYS.
OUTPUT OF COVESPAGRAMS ON A P~AZ GRID INSTEAD OF A
TIME-P GRID.
CALCULATION CF THE ARRAY RESPONSE FOR EACH RON.

ORIGINAL VELOCITY SPECTRAL ANALYZER GIVEN BY

D. DAVIES AT AL, NATURE 1970 WHICH FEATURED
BEAMFORMING FOR FACH VELOCITY (DELAY AND SUM)
TAKING THE POWER OF ONE SECOND OF BEAM AT 1 SEC
INCREMENTS DOWN THE RECORD. THE RESULTANT VELOCITY
VERSUS TIME MATRIX WAS THEN CONTOURED AND PLOTTED.
THIS' METHOD HAS SINCE BEEN SHOWN TO BE -RATHER
DEPENDENT ON AMPLITUDE VARRIATION ACROSS THE ARRAY
WITH DISTINCT SIDE LCBES APPEARING EVEN FOR LARGE
NUMBER OF SENSORS. THE VELOCITY - AZIMUTH

SPECTRAL ANALYSIS METHOD (VESPA) DOES NOT SUFFER
FROM THIS DRAWBACK AS IT INVOLVES A COHERENCY
FUNCTION GENERATED BY CROSS MOLTIPLICATION OF
TRACES IN COMBINATICNS OF TWO STATIONS. THE SIMPLE
SUMMATION OF SENSORS I.E. FOR 5 SENSORS BEAMFORM
WOULD LEAD TO THE SUM OF 5 TRACES WHEREAS VESPA
WOULD CFOSS MULTIPLY 10 TIMES AND THUS MAKES MUCH
MORE EFFICIENT USE OF THE AVAILABLF DATA REDUNDANCY.
IN ADDITION VESPA SWEEPS NOT ONLY THROUGH VELOCITY
AND TIME , BUT ALSC THROUGH AZIMUTH THUS EMPLOYING
THE MAXIMUM. INFORMATION INHERENT IN ARRAY DATA.
FOR A MODERATE NUFMBER OF SENSORS THEREFORE, THERE
WILL BE VIRTUALLY NO SIDE LOBE PROBLEM. ' -

INPUT

INPOT 1:
CARD 1 TO CARD 7: A FILE CONTAINING A LIST OF STATION

IDENTIFIERS,LATTITUDES, LONGITUDES (DEG) AND
ELEVATIONS (KM). | \

FORMAT (2X,A4,4X,3F10.4)

FROM THIS FILE THE STATIONS NEEDED POR A PARTICULAR
RUN IS CHOSEN. THE STATIONS DO NOT HAVE TO BE IN

ANY ORDER. . N\

INPUT 5: -
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CARD 1:

CARD 2:

CARD 3

CARD 4:

CARD 5:

CARD 6:

CARD 7:

216

NS,IFEL,LL (3I5)
NS: NUMBER OF STATION IN THE ARRAY.
IREL: STATION NUMBER RELATIVE TO WHICH P AND
AZ IS MEASURED. THE ORDER IS DETERMINED
THE ORDER OF INPUT TO CARD 2.
IL: COMPONENT TO BE USED FOR CORRELATION,
0,1,2 ARE Z, NS, AND EN.
KEITBL(I) (7(Au)) o
STATION IDENTIFIERS, E.G. 'EDM °'.
NOEV,NCOME (2I5).
NOEV: NUMBER OF RUNS WITH A NEW SET OF PARAMETERS
TO BE SPECIFIED (SEE CARD 4-9).
NCOMB: NUMBER OF RUNS WITH SAME PARAMETERS (CARD o
-9) ,EXCEPT A NEW STATION COMBINATION HAS
TO EE READ IN (CARD 7). THUS CARD 4-9 FOR
THE FOLLOWING RUNS ARE REPLACED BY CARD 7.
NSTAT,ITSPAN,NPOP, NEND,F1,F2 (4I5,2F6.2)
NSTAT: NUMBER OF STATIONS USED IN A PARTICULAR RUN.
ITSPAN: A COVESPAGRAM IS CALCULATED FOR EACH SECOND
ITSPAN SECONDS.

. NPOP: OVER THE TIME SPAN ITSPAN THE PROGRAM WILL FIND

THE FOINT (P,AZ) WITH THF HIGHEST CORRELATION.
NEND=2 WILL MAKE THE PROGRAM RECALCULATE THE
COVESPAGRAM CENTERED ON (P,AZ), AND WITH P
AND AZ STEPS 5 TIMES SMALLER, THUS GIVING A
BETTER ESTIMATE OF THE MAXIMUM. IN GENERAL_THE
PROGEAM GO"< THROUGH THE LOOP NPOP TIMES, EACH
TIME DECREASENG THE P AND AZ STEP.
IF NPOP=0, ONLY THE ARRAY RESPONSE WILL BE
CALCULATED, AND INPUT 8 DOES NOT HAVE TO BF
CONNECTED.
NENED: NUMBER OF DATA POINTS OVER WHICH THE
THE CORRELATION IS PERFORMED. E.G. NEND=25
GIVES A TIME SPAN OF 2 SEC, AS THE SAMPLING
RATE IS 12.5.
F1,F2: LCWER AND UPPER FPREQUENCY (HZ) FOR BANDPASS
FILTERING THE DATA. NO FILTERING IS DONE
IF BOTH F1 AND F2 ARF ZERO.
VL1,V01,VDIV1,CORLIM (4FP10.0)
VL1, VU1- LCWER AND UPPER P LIMET (DEG/SEC) FOR THE
COVPSPAGRAM.
VDIV1: INCREMENT OF P, MUST BE SUCH THAT ONLY 31
VALUES OF P RESULTS. A
CORLIM: COFRELATIONS ARF NORMALIZED TO 1.0, AND
CORRELATIONS BELOW CORLIM ARE EQUATED TO O.
AZML1,AZMU1,A2DIV1  (3F10.0)
AZML1, AzuU1~ LOWER AND UPPER AZIMUTH LIMITS OF
COVESPAGRAM.
AZMDIV1: INCREMENT OF AZIMUTH, MUST BE SUCH THAT
ONLY 21 VALUES OF AZ RESULTS.
NFILE4STATNS (I) (I3,7A4)
NFILE: FILE NUMBER ON THE DATA TAPE OF THE FIRST
STATION IN A PARTICULAR RUN. THE NUMBER IS FOR
THE TAPE HEADER.



nooconoannn

OOOOOOOOOOOOOOOOOOOOOOOOOOQCF)(‘)OOOG(‘TQOO(‘)

—

217

STATNS: STATION IDENTIFIERS OF NSTAT STATIONS USED,

STATION MUST COME IN SAME ORDER AS ON TH TAPE.

CARD 8: TTSTART,T1,T2 (3F10.0)
TTSTART: CORRELATION START TIME. TTSTART=0 IMPLIES
THAT CORRELATION WILL START 3 SEC BEFORE
THE PREDICTED P-WAVE ARRIVAL TIME.
T1: PERIOD(SEC) OF THE ANALIZED SIGNAL, USED FOR
CALCULATION THE ARRAY RESPONSE.
T2: TIMZSEAN OF GENERATED TEST SIGNAL WITH PERIOD
T1.
CARD 9: VVV(I),AZZ (I),AMP(I) (9F6.1)
VVV,AZZ,AMP: E,AZ AND AMPLITUDE OF ABOVE TEST SIGNAL
USED FOR CALCULATION OF ARRAY RESPONSE.
UP TO 3 DIFFERENT PULSES CAN BE USED.

EXAMPLE OF A RUN DECK: EOT—

RUN CO 1=VASASTATION a * T LT g
6,2, , .

EDM DEL FIN TRO RM1 rm>
1,1,

°3,11,1,25,0.1,1.3,

7,8,0.05,-1, , . ‘
103,120,1, . '
145PIN TRO RM2

011161

7.55,113,1,

3,10,1,25,0.1,1.3,

2.2,3.2,0.05,-1,

103,120,1,

145PIN TRO RM2

74,1,6,

3.7,113,1,

4

THE PROGRAM WILL NOW SEARCH OVER THE SPECIFIED VELOCITY,
TIME AND AZIMUTH RANGES GENERATING A SERIES OF VESPAGRAMS
FOR EACH TIME WINDOW PRINTING THESE OUT AND PICKING THE
SUCCESIVE MAXIMA OVER THE TIME WINDOW INCREMENTED AT

1 SECOND INTERVALS AND PRODUCING A SERIES OF
VELOCITY TIME AND AZIMUTH E TIMATED BY PARABOLA FITTING.

DIMENSION C2(10),A2¢7,7),D(?,7),V(7,2300),CC(7,7)
DIMENSION CCOR(20,31,31),AZM (7),DELTA (7,7)
DIMENSION XVEE(31),AT(21),IAa¢(7),L(21),8(21),ITD(7)

DIMENSION W (2300),DD(8)
DIME N NCCOR(50) ,XXVEL (3) ,XXAZ (3)
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51

62
103

22

115
101

76

218

DIMENSION HEIGHT(?},HTD(3,10),AMP(3),VVV(3),AZZ(B)
INTEGER*2 IDAT (8192)

DOUBLE PRECISION DONB1,DOUB?

DOUBLE PRECISION TIMFS(7),T
DIMENSION FFQ
REAL KEYTBL (A0 LOA (10)
INTEGER*4 T
REAL*4 ST

NFLST=1
bo 62 1=1,NS
BACKSPACE 1

READ (5, 11\5) NS /TIREL, LL
READ (5,114 (K YTBL(I),};&TNS)

‘ A
CONTINUE
READ(1,103) ST
READ(1,103)ST,LAT(I),LON(I),HEIGHT(I)
CONTINUE

FORMAT (10 A4
IF(ST.NE.KEYTBL(I)} GO TO 51
FORMAT(2X,A4,QX,3F10.4)

ALL COMBINATXONS OF AZIMNUTHS AND DISTANCES BETWEEN ANY TWO
STATIONS IS C

CULATED.

DO 22 J=1,NS
DO 22 1I=1,NS- :
CALL DEL G(LAT(J),LCN(J),LAT(I),LON(I),DI,SKH,AZI)
AZ(J,1) I/57.29578 .

D(J,I)=9KM

CONTINUE

AZIMUTH CORRECTION FOR NON FLAT EARTH.

CALL CAZM (NS, IREL,LAT,LON,CZ)
READ(5,115) NOEV,NCCMB

FORMAT (1615)

FORMAT (7F10.6)

DO 1C IEV=1,NOEV

DO 1010 Kcom=1,NCOMB

NREAD=1 ;

IF(KCOM.EQ. 1) NREAD=0

IF(NREAD.EQ.0) READ (5, 70) NSTAT,ITSPAN,NPOP;NEND,F1,F2
FORMAT(u15,2F7.2),¢:;w

NPOP=NPOPpP+1 = X

IF(NEND.EQ.O) NEND=50 é
NUM=(NSTAT*(NSTAT-1))A;

IRDIM=ITSPAN+108 '
WRITE(6,129) KEYTBL (IREL)
FORMAT (*17, *REFERENCE STATION IS*,1X,A4)
WRITE(6,126) LL

FORMAT (*CHANNFL NUMBER',T3)
WRITE(6,179) NEND

WRITE(6,187) F1,F2

FORMAT (*CORNER FREQUENCES ', 2F7.2)

°
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8¢

13
200
14

27
21

100
102

113

176
122

402

72

FORMAT (*NEND=', I3) | .

RDIM=IRDIN /
IRDIM=RDIM*12.5

LORNA=ITSPAN+1 ‘

IF(NREAD.EQ.0) READ(3,80) VL1,VU1,VDIV1,CORLIM
vu=vu1 g
VL=VL1

VDIV=VDIV1 : .
TF(NREAD. EQ.0) REAL(5,80)AZML1,AZNU1,AZDIV 1
AZML=AZML1

AZMU=AZMU1 ) , ,
AZMDIV=AZDIV1

FORMAT (4F10.0) \\5\</”
NAZM= (AZMU~AZML) /AZMDIV +2

NVELS=1

DO 27 J2=1,35 | N
VIND=VL+J2%VPHIV ‘

IF(VIND.GT. (VU+O0. 0001); GO To 13
GO TO 14

CONTINUE :

WRITE(6,200) NVELS

FORMAT (1H , *NVELS=',15)

GO TO 21 - '

CONTINUE

NVELS=NVELS+1

CONTINUE

CONTINOE

PSTART=(VL+VU) /2.0
RAD=3.14159/180.

READ(5,10C) NFILE,STATNS
FORMAT(I3,7a4)

FORMAT (7F10.0) *
IF(NREAD.EQ.C) READ(5,102) TTSTRT,T1,T2 ‘
IF(NREAD. EQ.O0) READ (5, 113) (VVV(I) ,AZZ(I),AMP(I),I=1,3)
FORMAT (9F6.1) ‘

WRITE(6,122) T1,T2

DO 176 J=1,10

Do 176 K=1,3

XXVEL(K)=0.0

XXAZ (K)=0.0

NTD(K,J)=0.0

FORMAT (*PERIOD=',F3.1,5X, *TIME WINDOW=',P3. 1)

TSTRT=TTSTRT/60.0

IF(NPOP.EQ.1) GO TO 402
IF(NFILE.NE.NFLST) GO TO 401

IDENTIFY STATIONS

DO 71 I=1,NSTAT
DO 72 J=1,NS

IF(STATNS(I) .NE. KEYTBL(J)) GO TO 72
IA(I)=J o :

GO TO 71

CONTINUE

219
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71

2335

CONTINUF
_NSTOP=0
IF(NPOP.EQ.1) GO TO 1200

FIND START TIMES FROM TAPE

DIST=0.C : N
NBACK=0 O
DO 2333 I=1, NSTAT

IQ=IA (I)
CONTINUF

READ(B)IEVEN$,STAT DEL,AZIM,IH,IHN, DOUB1,MODE,NWB,IHS¢I'

*MS, DOUB2,

1ID,IMON, IYEAﬁ IHOU, IM]N ESEC,ELAT,ELON,EDEP,EMAG,NP,(F

'*FQ(IXX)'

2334

2333

T4

"75

O 00

(o NN T

1133
1200

141

*I XX=1, 5)
IF(STAT EQ.KEZYTBL (IQ)) GO TO 2334
CALL SKIP (2,0, 8)

NBACK=NBACK+2
GO TO 2335 3 s

CONTINUE
DIST=DEL/NSTAT+DIST
TIMES (I)=DOUB2+460%*IMS+3600%THS
CALL SKIP(2,0,8)

NBACK=NBACK+?2

CONTINUE
NBACK=NBACK+ 1
IF(NFILE.EQ. {) GO TO 74
CALL SKIP(-NBACK,O, 8)

CALL SKIP(1,0,8)

GO TO 75
REWIND 8

" CONTINUE

CORRECTION FOR ALTITUDE

STH=PSTART*6.2%57.3/6371.
STH=SQRT (1-STH**2)

DO 1133 I=1,NSTAT
TIMES(I)=TIMES(I-HEIGHT(IA(I))/(STH*6.2)
CONTINUF

WRITE(6,141) IYEAR,IEVENT

CONTINUE . v

IF(NPOP.EQ.1) DIST=50.0
FORMAT(//,'EVENT VA',12,2X,13,//)

GENERATE ALL POSSIBLE COMBINATIONS OF TWO

ANSNSTAT
J=1 :
K=1

DO 19 I=1,NUN

K=K+1

IF(K .LE. NSTAT) GO TO 11

STATIONS

220
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M
19

2¢

- 6565

1212

17

2000

2001

1220

J=J+1 ,

K=J+1- '

L(I)=d

M(I)=K

IF(NPOP.EQ.1) GO TO 1101 \

FIND AMJQUNT OF DATA TO TAKE EROM TAPE AND WHERE TO START

TMAX=TIMES (1)
IMAX=1

DO 20 X=2,NSTAT

IF(TMHX .GT. TIMES(I)) GO TO 20
TMAX=TIMES (I)

IMAXST

CONTINUE

TSTRT=(63. O-(THAX~TIMES(1)})/60 0+ TSTRT
WRITE (6, 6%65) TTSTRT,(T*HES(I) I=1,NSTAT)
FORMAT(1H ,'TSTRT=',F10.2, 2X,'TIMES— ,7r18.3)
FORMAT (*TDEL=',F7.1,'IS TOO BIG')

DO A7 1I=1,NSTAT

TDEL=TMAX-TIMES (I)

IF (DABS(TDEL).GT.150.) WRITE(6,1212) TDFL
IDELAY=12.5%TDEL+0.5. :

TTD(I) =u*TIDELAY

- BLK=TSTRT/2. 73067

MBLK=BLK .
LBLK=MBLK

TREM=2.73067* (BLK-XELK)

TREM=4*IFIX (TREM*750.)
ITSPAN=ITSPAN+108

TSPAN=ITSPAN

ISPAN=12.5%TSPAN

WRITE(6,814) (ITD(IXZ),IX2=1,NSTAT)

FORMAT (5X,'ITD...",5I10)

WRITE (6, 818) BLK XBLK TREM, IREN, ISPAN

FORMAT (5X,'...%,3F10.4,3110)
DO 210 I=1, NSTRT

TQ=TA (I)

CONTINUE

READ(8) IEVNT,STAT, (FFC (IXX), Ixx 1,4) ,DOUB1, (FFPQ (IXX),

*TXX=5,8), DOU

1B2,(FFQ(IXX),IXX=9,24)
IF(STAT.EQ.KEYTBL (IQ)) GO TO 2001

CALL SKIP(2,0,8)

NFLST=NFLST+2

GO TO 2000

CONTINUE : B ' .
CALL SKIP(1,0,8)

SKIP TO STATION DATA FOR THIS EVENT

CALL SKIP(0,MBLK, 8)
ICOR=0
Q

)
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LY
READ(8) IDAT ' :

- WRITE(6,820) T
82C FORMAT(5X,*STATN...I*, Iy,

PICK OFF DATA YOR EACH STATION SO THAT ALL TRACES ARE
ALIGNED IN TIME.

"o on

DO 230 J=1,ISPAN
y=g4*J
=TU+IREM+ITD (T-3+L1+7COR
. (I,J)=IDAT (K)
IF(K .LT. 8189+LL) G, T° 230
WEITE(6,820) K -
WRITE(6,820) 1I4
READ(8) IDAT
ICOR=-IREM-ITD (I-Tu
230 CONTINUE . .

C REMOVE DC LEVEL

DC=0.0 ,
DO 233 J=1,ISPAN

233 DC=DC+V (I,J)
DC=DC/FLOAT (ISPAN)
DO 234 J=1,ISPAN

234 V(I,J)=V(I,J-DC
WRITE (6,900) IEVNT,STAT

900 FORMAT (1H ,I5,Au)

WRITE(6,821) DC ,

821 FORMAT (5X,'DC...',F10.3)
~CALL SKIP(1,0,8)

21C NFLST=NFLST+2
ITSPAN=ITSPAN-54 ‘ - s
NSTOP=0 :

C FILTERING THE TRACES

IF((F14F2).LT.0.0001) GO TO 65
- CALL BND.AS(F1,F2,80.0,DD)
. DO 60 KS=1,NSTAT
DO 61 I=1,IRDIM
61 W(I)=V(KS,I)
" CALL FILTER(W,IRDIM,DD) ‘
DO 79 I=1,IRDIM : :
79 V(KS,I)=W(I)
60  CONTINUE
65  CONTINUE
1100 CONTINUE
NSTOP=NSTOP+ 1
IF(NSTOP.LE.1) GO TO 1101 _
IF(NSTOP.EQ.NPOP) GC 10 AT55Y

C .
C  FIND VELOCITY AND AZIMUTH FOR NEXT CALCULATION
C . . ~
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1101

N
\\/ !

/

/
ITSPAN=ITSPAN+5Su
VDIV=VDIV/5
VL=VELMAX-((IVLIM- 1)*VDIV)/2
VU= VELMAX*((IVLIM-1)*VDIV)/2
AZMDIV= AZMDIV/S
AZML=AZMAX- (NTZ- 1) *AZMDIV/2
AZMU= AZMA $ANIZ-1) *AZMDIV /2
CONTINUE
IVL=VL*100. + 0.2
IVU=VU*100. + 0.2 ‘ .
PVDIV=VDIVX10C. + 0.2
TAZML=AZML*100,
TAZMU=AZNU*100.,
IZDIV=AZMDIV*100 o
12=0
GO TO 1143
CONTINUE
12=0
IF (NPOP.EQ.1) NSTOP=1

CALCULATE TIMESFRIES Fﬁj\fREAY RESPONSE

1134

NTD (1,1)
NTD (2,1)
NTD(3,1)
ITSPAN=54

DO 1134 I=1,IRDIM

DO 1134 J=1,NSTAT

V(J,I)=0.0

DO 1135 KLM=1, 3

DO 1135 J=1,NSTAT ‘
KL1=-NTD (KL#M,J)+675

KL2=KL1+4T2%12,5

DO 1135 I=KL1,KL2,1
V(J,I)=(FLOAT(KL2-I)/FLOAT(KL2-KL1))*SIN((I-KL1)*0.502

nonon

0.0
0.0
0.0

C%65/T1)

*XAMP (KLM) +V (J, 1)

1135 CONTINUE

1143

aoo0n

CONTINUE

DO 107 IAZM=IAZML,IAZMU,IZDIV
I2=TI2+1

AT (I2)= FLOAT(IAZM)/1OO

A=AT (I2) :

DO 281 IJ=1,NS
AZM(IJ)-AfCZ(IJ)

CONTINUE

CALCULATE DISTANCES FROM STATION TO STATION WAVEFRONT
HAS TO TRAVEL FORN;ACH AZTMUTH.

wDO 250 I=1,NUM . :
DELTA(L(I),M(If)“D(IA(L(I)),IA(N(I)))*COS(RAD*(AZH(IA(

*L(1))) -

TAZ(IA(L(I)),IA(M(I))))
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C
C DISTANCE CORRECTION FCR EARTH CURVATURE }
C : .
CALL CURVE(D(3,IA(L(I))).D(3,TA(M(I))), (1/RAD)*AZ(3,1IA
*(L(I))).,
*(1/RAD) *AZ (3,IA(M(I))) ,A2ZM(3),DIST,X)
IF (DELTA(L(T),M(I)).LT.0.) X=-X
DELTA(L(I),M(I))=DELTA(L{I),M(I))+X
250 CONTINUE
C .
C FOR THIS A4TMUTH CAILCUILATE VESPAGRAM
C
IvV=0
DO 306 IVEL=IVL,IVU,IVDIV -~
IT=0
IV=IV+1
VEX=FLOAT (IVEL)/100.
IVLIM=IV
VFE=111.2/VEX
XVEF (IV) =VEX
c | )
C CALCULATE DELAY TIMES FOR EACH 2 STN COMBO FOR EACH VELCCITY
C .
DO 301 I=1,NUM
301 TD(L(I),M(X))=12.5%(DELTA(L(X),M(I))/VEE)+0.5
- IF(NPOP-1.NE.NSTOP) GO TO 1188 /
C .
C -
C FIND DELAY TIMES FOR CALCULATICN OF ARRAY RESPONSE
C

DO 1187 KN=1,3
IK1=ABS (VVV (KN) *100-1IVEL)
TK2=ABS(AZZ (KN) *100-TAZN) :
IF(IK1.LE.IVDIV/2,AND. IK2 LE.XIZDIV/2) GO TO 1177
GO TO 1187
1177 CONTINUE
XXVEL(KN)=IVEL/10C.
XXAZ (KN)=IAZM/100,
NUM1=NSTAT-1"
DO 1178 I=1, NUM1
NTD (KN, I+1)—TD(L(I),H\I)}
1178 CONTINUE
1187 CONTINUE
1188 CONTINUE

STEP DOWN IN TIME ALONG THE RECORDS DELAYED FOR THIS VELOCITY

sNeNe!

IF (NPOP.EQ. 1. AND.NSTOP.EQ.C) GO TO 306
DO 305 ITOR=54,ITSPAN '
IOR=12. S*FLOAT(ITOR)

TCC=0.0

IT=IT+1

IOR1=IOR

RK=1
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OO0 nnn

anon

OO0

303

7676
76717

302
365

306

107

455

692

CROSS MULTIPLY NEND POINTS OF DATA FOR ALL COMBOS AND
SUM THESE AT THIS TIME.

—

DO 302 I=1, NUY
TTCC=0.0

ANORM1=0s 0

ANORM2=0.0

DO 3G3 JJ=1,NEND

J=JJ-1

TTCC=TTCC+V (L(I) , TOR14J)*V (M(I), IOR1+JI=TD(L (I}, H(I)))
ANORM1=ANORM1+V (L (I),IOR14J) **2
ANORM2=ANORM2+V (M (I),IOR14J=TD (L (I) , M (I))) **2

IF ((ANORMI*ANORM2) .EQ.0.0) GO TO 1676

CC (L (I),M(I))=TTCC/ (ANORMI*ANORM2) **0.5

GO TO 7677

CC(L (L), M(T))=0.0

CONTINUE

TCC=TCC+CC (L (I), ¥ (I))

ENTER THIS VALUE INTO MATRIX

CCOR(IT,IV,IZ)=TCC*2./ (AN*(AN-1.))
IF(I.EQ.NUM) GO TO 302

IP(L(I+1) .EQ. L(I)) GO TO 302
TOR1=IOR-TD (L (K) , M (K))

K=K+1 .

CONTINUE : (
CONTINUE AY

CONTINUE

IT=1

NIZ=IZ

NNIZ=NIZ-1

CONTINUE

IF(NSTOP.EQ.NPOP) GC TO 999
IP(NPOP.EC.1,AND.NSTOP.EQ.0) GO TO 1155
ITSPAN=TITSPAN-54 .

STEP DOWN MATPIXES IN TIME AND PICK MAXIMA ABOVE LOWER LIMIT

WRITE (6,455)
FORMAT (/)

CLMAX=0.0

J=0

J=J+1

IF(J.EQ. (ITSPAN+2)) GO TO 999
CMAX==2.0

IT=J

DO Y91 IZ=1,NIZ

DO 91 IV=1,IVLIM

IFP(CCOR(IT, IV, IZ).LE.CHAX) GO TO 91
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91

952

93

701

694

693

560

v

cHax=ccoR(y7,1v,12)

ITBIB=1T

TvRIB=1V

12BIB=12

CONTINUE

IT=ITBIE . - A

IV=1VBIB \

T12=1ZBIB

IF (CMAX +C%, CORLIM) GO TO 93

WRITE(6/,732) CHAX

FORMAT (5X+'CORREL LESS THAN LIMIT, CMAX= *',F10.3)
co To 691 '

CONTINUE

CONTINUE

TF(IV »LE« IVLIM-1 .AND. IV .GE. 2) GO TO 694
WRITE(6,/01) IV,IZ,IT

FORMAT (5Xe'MAX. CORKEL AT MATRIX EDGE,IV,IZ,IT= *,3I5)
o 1o 691 .

IF(1z .LE« §NIZ .AND. IZ .GE. 2) GO TO 693
WRITE(6,/0y) 1IV,IZ,IT

GO T0 69

CONTINUE

FIT PARABOLAS 1IN TI¥E, VELOCITY, AND AZIMUTH

THOp=CCOR (YT, IV+1,12)+CCOR(IT,IV~1,IZ~-2.*CCOR(IT,IV,I
*7,) .

B= (CCOR(IT, IV+1,12-CCOR(IT,IV-1,1Z))/2. - TWOA*FLOAT(
*T V)

FPp=-p/THOA

IFP=FP

APPYVEE=XVER (IFP)+ (FP-FLOAT (LFP) ) * (XVEE (IFP+ 1- XVEE (IFP

*)).

THOA=CCOR (IT,IV,I12+41) +CCOR(IT,IV,IZ~1-2.*CCOR(IT,IV,I
*Z)

B=(CCOR(IT, IV, T2+ 1-CCOR(IT,IV,I2~1))/2. - TWOA*FLOAT (
*17)

FP=-B/TWOA

IFP=FP

APPAZH=AT (Y FP) + (FP-FLOAT (IFP) ) * (AT(IFP+1-AT (IFP))

WRITE(6/560) CHAX
FORMAT (X VvHAX. CORREL.= ',F10.3)

WRITE TIME AZIMUTH VELOCITY

IF (CHAX-CT CcLMAX) GO TO 1021
co to 10 : e
VELMAX=APPyEE

AzZMaAX=APPAyy

CLMpX=CHAX



1022 CONTINUE

550 FORMAT(5X,'APP. VEL= *,F10,2,' TIME= ', 15,

.

WRITE (6,550) APPVEE,TT,APPA2HM

*M= ', F10.2/)
691 GO TO 692

401 CALL SKIP (NFILE-NFLST,O0,8)

501

IF(NFILE-NFLST .LT. 0) GO TO 501
NFLST=NFILE

GO TO 402

CALL SKIP(-1,0,8)

CALL SKIP(1,0,8)

- NFLST=NFILE

4775

999

937

938

903

451

901
450

1010
10

#*

WRITE(6,4775)
FORMAT (1H , *SKIPPED A NEG. NO. OF FPILES')
GO TO 402 .
CONTINUE

LCRNA1=LORNA

IF(NSTOP.EQ.NPOP) LCRNA1=1
IF(NSTOP, EQ. NPOP) WRITE(6,937)

FORMAT(/, *ARRAY RESFEONSE')

IF(NSTOP.EQ.NPOP) HRITE(6,938)(XXVEL(I XXAZ(I) ,AMP(I)
(I=1,3) / -
FORMAT (/' VELOCITY AZIMUTH " AMPLITUDE °*,,,

DO 450 IT=1,LORNA1
WRITE (6,903) IT, (XVEE(I),I=1,IVLIN,3)
FORMAT(/1X,*T=",12,5X,27(F4.2,5X) )
DO 450 IZ=1,NIZ

DO 451 IV=1,IVLIM

IF(CCOR(IT,IV,IZ).LT.CORLIH)CCOR(IT.IV,IZ)50.0

NCCOR(IV)=(CCOR(IT,IV,IZ)+0.005)*100
CONTINUE ’
WRITE(6,901)AT(IZ),(NCCOR(IV);IV=1,IVLIH)
FORMAT (1X,F7.1,2X,4C13)

CONTINUE

IF(NSTOP.LT.NPOP) GO TO 1100

CONTINUE :

CONTINUE"

STOP

END
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C

PROGRAM PERFORMS EULER KOTATICNS ON COORDINATES

LOCATED IN UP TO 4 DIFFERENT FILES. INPUT IS
FROM 1-4 AND THE CORRESPONDING OUTPUT IN 11-14

IR
REAL LAT(3000),LON(3000) \

DIMENSION A(3,3),TEXT(6) ,B(10),C(10),D(10),BB (10)

DIMENSION NF (4),CC(10),DD(10)
READ (5,102) M,KJU, NP

NF1=0

DO 2C I=1,4

NF1=NP1+NF (I)

IF(KJU.EQ.0) KJOU=3

M IS NUMBER OF DIFFFRENT ROTATIONS

KJU IS NUBER OF FILES TO BE ROTATED. THESE
FILES ARE ALL ROTATED THEFSAME AMOUNT, THE
FIRST ONE CONTAINING MORE BLOCKS THAN THE
NEXT ONE ETC.

IF KJU IS ZEKO ROTATIOQN IS PERFORMED ON 3
FILES, A CHOISE OF FILE CAN BE MADE BY-
ASSICGNING VARIOQOUS VALUES TO NF(I), I=1,4.
IF ALL NP(I) ARE ZERO ROTATION IS PERPORMED
ON AS FKANY FILES AS SPECIFYIED BY KJU. IF
ONE NF(I). IS DIFFERENT FROM ZERO ROTATION
IS ONLY PERFORMED ON THOSE FILES WHERE
NF(I)=I, 1I=1,4, A FILE MUST ALWAYS BE
CONNECTED TO 1, AS THE IDENTIFIERS NCONT
ARE READ FROM INPUT 1.

FORMAT (615)
WRITE(6,202) M
DO 2 K=1,M

FORMAT (//*NUMBER OF DIFFERENT ROTATIONS' ,16///)

"FORMAT (215,6A4)
FORMAT (3F10.0,2110)
READ (5,100)B (1),C (1),D (1) ,NSEC, NROT

/
B,C,D ARE EULER LATITUDE (#+NORTH), LONGITUDE (+EAST)

AND ANGLE OF ROTATION (+ANTICLOCKWISE).

NSEC IS NUMBER OF BLOCKS ROTATED THE SAME AMOUNT

NROT IS NUMBER OF ROTATIONS TO BE READ IN FOR |

THESE PARTICULAR BLCCKS. .
IF(NROT.EQ.0) NROT=1
IF(NSEC.EQ.0) NSEC=1
BACKSPACE 5
READ(5,105) (B (I),C(I),D(I),T=1, NROT)
'FORMAT (3F10.0)
DO 2 LL=1,NSEC
READ(1,101) N, NCONT, (TEXT(I) ,I=1,6)
READ(1,1703) (LAT(I),LON(I),I=1,N)

ANGLE OF ROTATION ZERC IMPLIES OUTPUT OF

228
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DATA WITHOUT ROTATION.- ¥
IF(D(1).EQ.0.) GO TO 7

THE NROT NUMBER OF ROTATIONS ARE COMBINED TO
CNE ROTATION, AND THE TRANSFORMATION MATRIX A
IS FOUND USING SUBROUTINE MUL.

pO 6 L=1, NROT
NRO=NROT
BB(L)=B(L)
CC (L) =C(L) 4
DD (L) =D (L)
CALL MUL(NRO,EB,CC,LCD,A)
FORMAT (5(2F8.0)) .
« CONTINUE

THE DIFFERENT FILES ARE READ IN. EACH BLOCK
IS CHARACTERIZED BY THE NUMBER NCONT(FILE 1)

"AND NC(FILE 2-4), IF NCONT IS THE SAME AS

N

201

NC, THE SAME ROTATICN IS PERFORMED ON THAT
PARTICULAR BLOCK(FILE 2-4) AS THE ROTATION FOR THE
CORRESPONDING BLOCK' IN FILE 1.

DO 2 KJ=1,KJU
IF(NF1.NE.0.AND.KJ.EQ.1) GO TO 2
IF(NF1.NE.C.AND.NF (KJ) .NE.KJ) GO TO 2
IN=KJ

NOUT=KJ+10

ANGLE OF ROTATION ZERC IMPLIES OUTPUT OF
DATA WITHOUT ROTATION.

IF(KJ.EQ.1) GO TO 13

READ (IN, 101, END=2) N,NC, TEXT

IF (NC.EQ.NCONT) GO TO 14
BACKSPACE 1IN

GO TO 2

READ (IN, 103) (LAT (I) ,LON(I),I=1,N)
IF (D (1) .EQ.0.) GO TO 5

CONTINUE

IF(KJ.EQ.1.AND.D(1).EQ.O.) GO To<2>'

TEANSFORMATION OF COORDINATES.
Do 1 I=1,N '

CALL ROT (LAT (I) ,LCN (I) ,A)

" CONTINUE
WRITE (NOUT,101) N, NCCNT, (TEXT (I) ,I=1,6)
WRITE (NOUT,201) ( (IAT (I), LON(I)) I=1,N)
FORMAT(5(2F8.2))
CONTINUE |
STOP ' o
END . L

229
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CALCULATION OF THE RESULTANT EULER ROTATION FROM

UP TO 10 DIFFERENT EULFR ROTATIONS (LAT,LON,ROT)

LATITUDE AND LONGITUDE (DEGREES, POSITIVE NORTH

AND EAST) AND ANGLE OF ROTATION (POSITIVE ANTICLOCK-

WISE) . :
DIMENSION A¢3,3),B(3,3),C¢3,3),U(3,3),R(20,30,3,3),TEXT (5)
REAL LAT(10),LON(10),ROT(10) ,LLAT,LLON

NFILE: NUMBER OF DIFFERENT FILES CONTAINING AT SET
OF ROTATIONS FOR DIFFERENT CONTINENTAL
SEGMENTS. '

READ (5, 100) NFILE

po 10 I=1,3

po 10 J=1,3

IF(I.EQ.J) U(I,J)

IF(I.NE.J) U(I,d)

CONTINUE

DO 1 K=1,NFILF

MMM=0

NF=10 + K

1.
0.

NF: INPUT OF ROTATIONS FROM A FILE CONNECTED TO NF,

READ(NF, 100) N
DO 1 J=1,N

M: NOT USED IN THIS PROGRAM, BUT USED IN ROTATING
THE CONTINENTAL SEGMENTS.
NROT: NUMBER OF ROTATIONS FOR ANY ONE CONTINENTAL
SEGMENT. )
o
READ (NF, 101) LAT (1) , LON (1) ,ROT (1) , ¥, NROT
IF(NROT.EQ.0) NROT=1
IF(M.EQ.0)M=1
MM=MMM+1
MMM=H+MH- 1
BACKSPACE NF :
READ (NF,103) (LAT (I) ,LON(I),ROT(I),I=1,NROT)

MUL COMBINES UP TO 10 DIFFERENT EULER ROTATIONS TO ONE.

CALL MUL(NROT,LAT,LCN,ROT,A)
DO 1 I=MM, MMM

po 1 L=1,3

po 1 LL=1,3
R(K,I,L,L1)=A(L,LL)
CONTINUE
WRITE (7, 100) MMM

DO 2 I=1,MMN

CALL MATRIX (B,U,U)
DO 3 K=1,NFILE

'DO 4 L=1,3
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DO 4 LL=1,3

C(L,LL)-&(K,I,L,LL)
CONTINUE

CALL MATRIX (A,C,B)

CALL MATRIX(B,A,U)

CONTINUE

INVEUL CALCULTES (LAT,LON,ROT) FROM THE RESULTANT
THANSFORMATION MATRIX.

CALL INVBEUL(B,LLAT,ILON,RROT)

TEXT CONTAINS THE NAMES OF THE CONTINENTAL SEGMENTS
READ (1, 102) {TEXT (J) ,J=1,5)

OQUTPUT OF THE FINAL EULER ROTATIONS, IN FILE 6
WITH THE CORRESPONDING NAMES FOR THE CONTINENTAL
SEGMENTS, AND IN 7 IN A FORMAT SUITABLE FOR
PERFORMING ROTATIONS CF CONTINENTAL SEGMENTS
USING THE ROTATION PRCGRAM..

WPITE(6,200) (TEXT(J),J=1,5),LLAT,LLON, RROT
WRITE(7,201) LLAT,LLCN, RROT
CONTINUE ‘

FORMAT (1615)

FORMAT (3F10.0,2I10)

FORMAT (5A4)

FORMAT (3F10.0) .
FORMAT(5A4,5X,3F10.2)
FORMAT (3F1C.2)

STOP

END

231
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CALCULATION OF THE SUM OF THE SQUARES OF THE MOVEMENTS
CF POINTS ON A SPHERE PROM ONE GEOLOGICAL PERIOD TO
ANOTHER. IT IS ASSUMED THAT THE MOVENT IS PERFORMED
AS AN EULER ROTATION, THUS GOING ALONG THE SMALLEST POSSIBLE
DISTANCE AS MEASURED ALONG A SMALL CIRCLE.
i
REAL LXAT (15,200) ,LXON (15,2060)
REAL LAT1(100) ,LON1¢100),ROT1(100),LAT2(100),LON2(100)
DIMENSICN ROT2(100)
DIMENSION A (3,3),NC(15),D (50),DX(50)
DIMENSION SMIN(50),SLMIN(50),SLOMIN(50)
DIMENSION SMAX(50),SLMAX(50) ,SLOMAX (50)
DIMENSION CLMAX(15),CLOMAX(15),CLMIN(15), CLOMIN(15),
*CX(15) ,CY(15),CZ2(15)
REAL LAND (25, 5),LAT(15),LON(15),ROS(15)
REAL MAXD(15),MIND (15)
DIMENSION NN (25),XLAT(15),XLON(15),XROT (15) ,N1(25)
DATA NN/3%1,5%0,2%1,4%0,d%1,4%*0,1,0,1/
READ (4,105) ((LAND(X,Jd) ,J=1,5),1=1,25)
FORMAT (5AU)
READ(5,102) XMIL

XMIL: NUMBER OF MILLION YEARS BETWEEN THE TWO
GEOLOGICAL PERICDS. DEFAULT IS ONE HUNDRED.

IF(XMIL.EQ.0.) XMIL=100,
WRITE(6,210) XMIL
FORMAT (/, "TIMESPAN IS',F6.0,2X, *MILL. YEARS',/)

NC: CODE NUMBERS FOR THE CONTINENTAL SEGMENTS.
CALCULATIONS ARE CNLY PERFORMED FOR THE SEGMENT WHICH
HAVE THE CORRECT NUMBER. 11 NUMBERS MUST BE READ IN.
THE CODES ARE: };_ NORTH AMERICA

2: KOLYMA

3: EUROPE

4: GREENLAND
5: ASIA

6: SOUTH AMERICA
" 7: ANTARTICA

8: AFRICA

9: AUSTRALIA

10: MADAGASCAR
11: INDIA

READ (5, 100) (NC(I) ,I=1,11)

1: INPUT EULER ANGLES AND POLES OF ROTATION FOR PERIOD 1,
MOVEMENT IS RELATIVE TO 1. THERE ARE 25 DATA SETS.

THESE ARE IN ORDER: NCRTH AMERICA, KOLYMA . EUROPE,

CASPIAN, IRELAND, ENGLAND, S. EURCOPE, SPKIN, GREENLAND,

ASTA(5 ELEMENTS), S <AMERICA, ANTARCTICA, AFRICA,

AUSTRALIA, NEW GUINFA, N. CALEDONIA, NEW ZEALAND(2 .

ELEMENTS), MADAGASCAR, ARABIA, INDIA./



2: INPUT OF EULER ANGLES AND ANGLES OF ROTATION FOR PERTIOD 2,

‘

ALL ROTATIONS ARE FROM THE PRESENT.

aOcgooo

READ (1, 102)(LAT1(I),LON1(I),ROT1(I),I 1,25)

READ (2, 102) (LAT2(I) ,LON2(I),ROT2(I),I=1,25)
102 FORMAT (3F10.2)

L=

CALCULATION OF FULER ANGLES AND ANGLE OF .ROTATION
FROM PERIOD 1 TO 2.

annn

DO 20 I=1,25
IF(NN(I).NE.1) GO TC.20
L=L+1
NN(L)=1
LAT1(L)=LAT1 (1)
LON1(L) =LON1 (1)
ROT1 (L) =-FOT1 (I)
LAT2(L)=LAT2(I) ‘
LON2 (L) =LON2 (I) ‘
~ ROT2(L)=ROT2(I)
20 CONTINUE
- DO 25 J=1,11

INPUT OF THE COORDIANTES(LATITUDE(+NORTH) LONGITUDE(#EAST))
FOR THE POINTS TO BF ROTATED.
N1: THE NUMBER OF POINTS IN EACH CONTINENTAL SEGMENT.

LXAT,LXON: THE LATITUDES AND LONGITUDES

N RsNaNaNe

READ (3,100) N1 (J)

N=N1(J)

READ (3,101) (LXAT (J,I),LXON(J,I),I=1,N)
25 CONTINUE

DO 30 J=1,11

LLAT (1) =LAT1(J)

XLON (1) =LON1 (J)

XROT (1) =ROT 1 (J)

XLAT ¢2) =LAT2 (J)

XLON (2) =LON2 (J)

XROT (2) =ROT2 (J)

N=2

MUL CALCULATES THE RESULTANT ROTATION FOR SEVERAL
‘T.ER ROTATIONS.

Q000N

"+LL MOL(N,XLAT,XLCN,XROT,A)
LT (J)=XLAT (10)
LON(J)=XLON (10)
ROS (J) =XROT (10)

30 CONTINUE

C ONLY COORDINATES BLOCKS WITH NC(I)=I,I=1,11 ARE
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USED TN THE CALCULATICHS.
DO 35 J=1,11
ROTATION OF PRESENT COORDINATES TO PERTOD 1.

»
IF(J.NE.NC(J)) GO TO 35
X=LAT1 (J) ”
Y=LON1(J)
Z=-ROT1 (J)

CALL EUL(X,Y,Z,A)
N=N1(J)

DO 36 I=1,N

CALL ROT (LXAT (J,T),LXON(J,I),A)

\

36 CONTINUE

35

CONTINUE

100. FORMAT (1615)

101

18

FORMAT (10F8. 2)

INPUT OF PARAMETERS TC MOVE PERYOD 2 HORIZONTALY
RELATIVE TO PERIOD 1.
SU TO SL IS THE LONGITUDE(DEGREES) RANGE OF HOVEMENT

AND SDEL IS. THE INCREMENT. ' ;
v

READ(5,101) SL,sU, SDEL S
M=(SU~SL) /SDEL+1

CALCULATION OF SUM OF SQUARES OF MOVEMENTS FROM
PERIOD 1 TO 2 ALONG S¥ALL CIRCELS.

DO T K=1,M

D (K)=C ,

SMAX (K) =0.0 .
SMIN(K)=100000. /
DX (K) =SL+SDEL* (K-1)

DO 17 KJ=1,11

IF(NC(KJ) .NE.KJ) GC TO 17
IF(M.NE. 1) GO To 18

SMAX (K)=0.,0
SMIN (K} =100000.

CONTINUE

CALL SCIR(LAT(KJ),LCN(KJ).ECS(KJ),X,Y,Z,DX(KL)
I2=N1(KJ)

DO 2 L=1,12

CALL LCIR{X,Y,Z,LXAT(KJ,L),LXON (KJ,L),DIST)
IF(DIST.LT.SMAX(K)) GO TO 5

MAX AND MIN VALUES ARE STORED.

SLMAX (K) =LXAT (KJ, L) -
SLOMAX (K) =LXON {KJ, L)

SMAX (K) =DIST

CONTINUE

234
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IF(DIST.GT.SMIN(K)) GO TO 2

SLMIN(K)=LXAT (KJ, L)

SLOMIN (K)=LXON (KJ,L)

SMIN (K)=DIST

D (K) =D (K) +DIST*x*2

IF(M.NE.1) GO To 17

CLMAX (KJ) =SLMAX (1)

CLOMAX (KJ)=SLCMAX (1)

CLMIN(KJ)=SLMIN(1)

CLOMIN(KJ)=SLOMIN (1).

CX(KJ)=x

CY (KJ)=Y

CZ(KJ)= '

MAXD (KJ)=SMAX (1)* (11.2/XMIL)

MIND (KJ)=SMIN (1) *(11.2/XMIL)
7 CONTINUE

CONTINUE

IF(M.EQ.1) GO TOo 8¢

DMAX=0

CGNVERSION OF DISTANCE FROM DEGREES TO cM/Y
ASSUMING A TINE SPAN CF XMIL MIL YEARS FROM

PERIOD 1 TO 2

DO 3 I=1,H
" SMAX(I)=SMAX(I)*(11.12/XMIL)

SMIN(I) =SMIN(I)*(11.12/XMIL)

IF(D(I).GT.DMAX) DMAX=D(I)
- DO 4 I=1,M

‘D(I)=D(I)/DMAX

WRITE(6,200)

WRITE(6,201) (DX(F),D(I), SHAX(I),SLHAX(I) /SLOMAX (I),
*SMIN(I),SLMIN(I),SLOMIN(I),I=1,M)
FORMAT (/, '"PARR. MOVE. DIST. SUM MAX MOVE. ¢,
%1 LAT LON ¥ MOVE LAT LON')

235

FORMAT (1X,F7.1,7X,F  ,5X,F6.2,1X,2F9.1,3%,F6.2,F7.1,F9.1)

CONTINUE

IF CALCULATIONS ARE MADE POR A RANGE OF LONGITUDES
THE PROGRAM STOPS HERE. IF CALCULATIONS ARE ONLY
PERFORMED FOR ONE RELATIVE POSITION OF THE
CONTINENTS IN THE TWO PERIODS (THE ONE GIVING

THE MINIMUM IN THE SQUARE OF THE DISTANCES, IF
POSSIBLE), NEXT STEP IS TO CAL{ULATE THE MINIMUM
AND MAXTIMUM VELOCITY JECTORS.

"IF(M.NE.1) STOP

\CALCULATION OF COORDINATES OF TRACES OF MAX AND

MIN MOVEMENT FOR CONTINENTS CHOSEN BY NC(I).

WRITE (6,202)
FORMAT (* CONTINENT . MAX MOVE  LAT LON
*YMIN MOVE LAT ION ')
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DO 75 I=1,11
IF(NC(I).NE.I) GO TC 75
WRITE(6,203) (LAND (NN(I),J),J=1,5),MAXD(I),CLMAX (I),
*CLOMAK (I) ,MIND(I),CLMIN(I), CLOHIN(I)
75  CONTINUE .
203 FORMAT(5A4,6F8.1) ‘
DO 60 KJ=1,11
IF (NC(KJ) .NE.KJ) GO TO 60
ND=MAXD (KJ) *XMIL/1C.+1.5
IF(ND.EQ.1) ND=2 X
DO 50 J=1,ND
X1=CX (KJ) a
Y1=CY (KJ)
21=(CZ (KJ)/ (ND- 1))*FLOAT(3 1)
CALL EUL (X1,Y1,21,4)
XX=CLMAX (KJ)
YY=CLOMAX (KJ)
CALL ROT (XX, YY,A)
LAT?T(J) =XX
LON1(J)=YY ,
SC  CONTINUE
LL=75

| OUTPUT OF PCINTS DEFINING THE VELOCITY VECTORS.

WRITE(7, 10C) ND,LL
“WRITE(7,101) (LAT1(I), LON1(I),I 1,ND)

ND=MIND (KJ) *XMIL/10.+1.5

IF(ND.EQ.1) ND=2 . -

DO 55 J=1,ND .

X1=CX (KJ)
© Y1=CY (KJ)

. XX=CLMIN(KJ)

YY=CLOMIN (KJ)

21=(CZ (KJ)/ (ND-1) ) *FLOAT (J-1)

CALL FOL (X1,Y1,21,A) '

CALL ROT (XX,YY,A)

LAT2 (J) =XX , .

LON2 (J) =YY ) >
© 55 CONTINUE

- WRITE(7,100) ND,LL

- WRITE(7,101>(LAT2(I),LOK2(I),I=1,ND)
60 CONTINUE

: STOP

END
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c \
C CALCULATION\OF THE POINTS OF A CIRCLE ON THE
C SURFACE OF THE FEARTH GIVEN THFE RADIUS AND THE
C CENTER. THE PROGRAM IS USED FOR CALCULATING ERROR CIRCLES
C AROUND PALEOMAGNETIC POLES/ THE FILF WITH THE UNROTATED
C POLES (LAT,LON) (POSITIVE NOKTH AND EAST) ALSO CONTAINS
C THE RADIUS OF THE ERROR CIRCLE R (DEGREES). THE ACTOAL
C ROTATED POLES ARF REAL FROM A SECOND FILE.
C
DIMENSION T (10),X(1C0),Y (100)
REAL LAT (10),LON (10},R (10)
CON=57.29577951 )
M=0 ' }
NP=4(
5 CO:« 'ZNOF
READ(1,102,END=1) N, (T(I},I=1,10)
C
C 1: COORDINATES OF THE ROTATED POLES OF OF A CONTINENTAL
C SEGMENT. N: NUMBER CF POLES IN FACH SEGMENT; T )
C TITLE. .
c ,
READ (5, 10C) KZX
C
C 5: COORDINATES OF THE UNROTATED POLES (NOT USED) AND
C THE RAPIUS (DEGREES) OF THE CIRCLE.
C
READ (5,101) (LAT (I),LON(I),R(I),I=1,N)
READ(1,101) (LAT (I), LON (I),I=1,N)
DO 2 K=1,N
LAT(K)=LAT(K)/CON , .
LON (K) =LON (K) /CON’
R (K) =R (K) /CON -
c-
C CALCULATION OF THE POINTS OF THE CIRCLF., NP=40
C POINTS IS USED.
C

CALL CIFCLE(NP R(K) ,LAT(K) ,LON(K), X, Y)
DO 3 L=1,NP
X(L)=X (L)*CON
3 Y (L)=Y{L) *CON
WRITE(2,102) NP, (T (1),T=1,10)

C
C 2: OUTPUT FILE FOR THE COORDINATES OF TFE POINTS
C OF THE CIRCLE. ) \
C Y
- WRITE (2, 101)(X(I),Y(I),I 1,NP)
2 M=M+1 .
GO TO 5

1 CONTINOE
C
C M: THE NUMBER OF GRCU@S’CF POLES, NORMALLY
C THERE IS ONLY 1 IN EACH GROUP.
C

WRITE(6,200)H



1C0
11

20C

FORMAT (1615)
FORMAT (10F8.2)

FORMAT (I5,10A4)

FORMAT (' NUMBER OF POLES! +I5/)
STOP

END

)

38
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PROGRAM TO SORT oOUT TRAVEL TIME RESIDUALS ACCORDING
TO A NUMBER OF SPECIFICATIONS. ALSO SURFACE PROJECTIONS
OR PART THEKEOF CAN BE CALCULATED. THE INPUTS ARE:

1:

THE RESIDUALS WITH INFORMATION. COMES AS FOLLOWS:

EVENT IDENTIFIER, EVENT NUMBER,STATION,PHASE IDEN- s
TIFIER,TRAVEL TIME RESIDUAL AND ERROR. FORMAT .
5(A4,1X),2F6.0.

A BLANK LINE INDICATES END OF DATA.

STATION LIBRARY. IN THE OFDER: STATION IDENTIPIER,
LATITUDE 1IN DEGREES(POSITIVE NORTH) ,LONGITUDE IN
DEGREES(POSITIVE EAST) ,ELEVATION IN KM AND
STATION LOCATION (NOT NESCESSARY FOR THIS PROGRAM) ,
FORMAT(2X,AQ,ﬂX,3F1O.3,12AU). '

A BLANK LINE INDICATES END OF DATA,

EVENT LIBRARY. IN OEDER:DAY,HONTH,YEAR,HOUR,MINUTE,
SECONDS, LATIUDE (POSETIVE NORTH) , LONGITUDE (POSITIVE
EAST) ,DEPTH IN K{,MAGNETUDE, COMMENTS, EVENT IDENTIFI-
ER EVENT NUMBER AND CCMMENTS.
FORMAT(Sla,3?10.3,Pu.o,F4.1,6A1,1x,ad,2x,aa,12au;

R BLANK LINE INDICATES END OF DATA.

FILE FOR OUTPUT, CAN BE SPECIFIED DURING THE RUN OF
THE PROGRAM.

INPUT OF PARAMETERS TO CHOOSE THE RESIDUALS AND
SORT THEM OUT. THEF PROGRAM 1Is INTERACTIVE AND

- WILL ASK QUESTIONS. PARAMETERS CAN BE CHOSEN BY

E.G. IF A BLANK 15 GIVEN INSTEAD OF A SERIES

OF STATION IDENTIFIERS, ALL STATIONS IN THE

FILE WILL BE CONSILCERED.,

IN THE REST OF THE PROGRAM, BLANKS MEANS THAT THE
CORRESPONDING OPTION TS BYPASSED, E.G IF THE
QUSTION "DEPTHS 2 n 15 ANSWERED WITH A BLANK,

NO CONSIDERATION IS GIVEN TO THE DEPTHS.

SELF EXPLANATORY. _

IN THE GROUP, THE SYMBOL NUMBER TO BE USED FOR THE
POINT (FOR PLOTTING) AND A TITLE, THE NEXT LINES CONTAIN
THE COORDINATES OF THE POINTS.

FORMAT (215, 20A4) -
FORMAT (10F8. 1) :
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1

232
31

233
32

234
33
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COORDINATES OF THE PCINTS GIVING THE RAY TRACES.
THESE ARE ALSO SOEKTED OUT LIKE THE POINTS IN FILF
7, AND GRCUPED ACCORDINGLY. THE FORMAT IS THE
SAME AS FOR OUTPUT 7. ‘

1: IF TRAVEL TIMES HAVE BEEN COMPARED, E.G. THE P
WITH THE PCP, THE CORRESPONDING RESIDUALS AND
ERRORS CAN BE WRITTEN.

FORMAT (4F8. 2) ~

’

DIMENSION D (10),INPUT(5),TINE (500),NST(500),SLAT (500) ,SLON (500},
*DATA2 (4, %OO),NNO(SOO),HLAT(SOO),HLON(SOO),H(1O 500) , KK (10},

*ERR (500),X(100),Y (100)

INTEGER PAR (5, 100),SIGN(zO) EMPTY, ZERO/* */,DATA1(5,500),
*YES/'YES '/

INTEGER OK,O0K?1,0K2,CK3

EEAL ZEROC1/! '/

DIMENSION TITL1(5),NHVS(10),DEL(SOO),DEPTH(SOO),DEP(SOO)

INTEGER PAR1 (5, 1),PAR2(5 1)

DATA NHVS/69,85,83,02,03,00, 606,87,88,105/

INPUT OF CHOOSING PARAMETERS

po 6¢ I1=1,5 ‘ _
Do 60 J=1,100
PAR(I,J).=2ZERO

J=0
WRITE (6,231)
FORMAT (*EVENT ID AND NUMBER ?°')
J=J+1
READ (5,100) PAR (1,J), PAR(Z,J)
IF(PAR (1, J).NE ZERQ) GO TO 1
J=0
WRITE(b,232)
FORMAT (* STATIONS 2')

J=J+1 A

"READ (5, 100) PAR (3,4J) ‘
IF(PAR(3,J) .NE.ZERO) GO TO 31
Jd=0 -
WRITE(6,233)
FORMAT (* COMPONENTS 2ty

J=J+1
READ (5, 100) PAR (4, J)
IF(PAR(4,J) .NE.ZERO) GO TO 32
J=0 -

" WRITE (6, 23u)
FORMAT (*PHASES 2')
J=J+1 ,
READ (5,100G) PAR (5,J)
IF(PAR(5,J) .NE.ZERO) GO TO 33
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C -
C .
NT=1
XA=0.0
NREAD=0 .
C
C NT: NO OF RESIDUALS CHOSEN. )

WRITE (6, 251) ‘
251 FORMAT('ERROR AND ANOMALY RANGE EXCLUDED')
READ (5,106) TO,AMIN, AMAX : .
 IF(T0.EQ.0.) 1T0=10.
2 READ(1,100) (INPUT (I) ,I=1,5) ,DELT,ER
IF (INPUT (1) . EQ.ZERO) GO.TO u
CALL LOOK3(PAR,INPUT,OK)
IF(OK.NE.1) GO TO 2 : ST
IF(ER.GT.T0) GO TO 2 : -
TF(AMAX.GT.DELT.AND.AMIN.,LT.DELT) GO TO 2
TIME(NT)=DELT ‘
XA=XA+DELT
ERR (NT) =
Do 3 1I=1,5
3 DATA1(I,NT)=INPUT (I)
NT=NT+1
GO TO 2
4 CONTINUE
NT=NT=1 .
XA=XA/NT
CALL ADIV(NT,XA,TIME,AD)
WRITE(6,201)NT, XA,AD
201 FORMAT(*NUMBER OF RESIDUALS',IS,2X,'AVERAGE',F6.2,
%2, *AVERAGE DEVIATICN',FS5.2) : .

c
'C COMPARISON OF PARAMETERS. CAN BE DONE EITHER BEFORE
C  DATA HAVE BEEN SELECTED ACCORDING TC DEPTH, DISTANCE,
C  AND GRID OR AFTER. IN THE LATTER CASE, NPR MUST BE
C SET EQUAL TO 'ZERO' IN THE FIRST RUN.
c
NcokD=0 : 4
28  CONTINUE \
, A1=0.0 : . ~
22=0.0

NCOMP=NCOMP+1
© WRITE(6,255)
255 FORMAT('INPUT OF COMPARATIVE PARAMETERS COHMP;PHASE/COR, LIM ")
READ(5,107) NPP,NPR
TF(NPR,EQ.ZERO) GO TO 1012
NCOMP=NCOMP+1
READ (5, 108) XCOR,XLIM

NPP: COMPONENT E.G. SPENW.

NPR: PHASE E.G. SCS

XCOR: CORREIATION COEFFICIANT.

XLIM: ACCEPTED ERROF IN CORRELAiL.ON EXCLUDING

[ . '

OO0 0n
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C
C
C

277

71

72

77

75

T4

221

80
70
76

220  FORMAT('INPUT OF COORDIANTES, YES OR NO ?0)
n

READING ERRORS;H.

WRITE(6,218) PAR (4M),PAR(5,1) ,NPP, NPR

WRITE(6,277)
FORMAT (*OUTPUT UNIT 2°)
READ(5,105) ITL

NNEW=0

REWIND 1

DO 70 K=1,NT

NBLOCK=0

0K3=0

DO 71 J=1,5

PAR2 (J, 1) =DATA1 (J,K)
PAR1(J, 1) =DATA1(J,K)
PAR1(4,1) =ZERO

PAR1(5,1) =ZERO |

IF (NPP.NE.ZZRO) PAR2(4,1)=NPp
PAR2 (5, 1) =NPR

READ (1,100) (INPUT (I),T=1,5), DFLT, ER

IF(INPUT (1) .EQ.ZERO) GO TO 76
CALL LOOK (1, PAR1,INEUT,OK1)
CALL LOOK (1,PAR2, INPUT,OK2)
IF (OK3.NE.1) GOTO 75
IF(OK1.EQ.1) GO 70 74
NBLOCK=NBLOCK+ 1

DO 77 KB=1,NBLOCK
BACKSPACE 1

GO TO 70

IF(OK1.NE.1) GO TO 72
0K3=1

NBLOCK=NBLOCK + 1
IF(OK2.NE.1) GO TO 72

IF(ABS(TIME(K-XCOR*DELT).GE.(XLIM+ER+ERR(K))) GO TO 70

242

IF(IL.NE.O)WRITE(IL,219)(DATA1(I,K),I=1,5),(INPUT(L),L=4,S)

*, TIME (K) , ERR (K) , DELT, ER
A1=A1+DELT

CA2=A24TIME(K)
WRITE (11,221) TINE (K) ,ERR(K) , DELT, ER

FORMAT (4F8. 2)
NNEW=NNEW+1
-TIME(NNEW)=TINE(K)
ERR(NNEW) =ERR (K) °

DO 80 1I=1,5
DATA1(I,NNEW)=DATA1 (I, K)
CONTINUE

CONTINUE

NT=NNEW /
WRITE(6,257) NT

CALCULATION. OF AVERAGﬁ RESIDUAL

A1=A1/NT
A2=A2/NT
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WRITE(6,223) PAR(5,1),A2, NPR, A1

223
1012

-FORMAT (* AVERAGE RESTDUAL FOR
CONTINUE

"IF(NREACL.NE.O) GO To 29
WRITE(6,220)
READ (5, 104) NO
IF(NO.NE. YES)
NREAD=1

NS=1

STOoP

NS: NO OF STATIONS.
INPUT OF STATION LIBRARY.

O0Nnn

5 READ(2,102)NST(NS},SLAT(NS),
'IF(NST(NS).EQ.ZERO) GO TO 6
NS=NS+1 K
GO TO 5 '

6 NS=NS-1
WRITE(6,202) NS

CHOISE OF STATIONS

oNeNe]

DO 8 I=1,NT-

'4AU,F5.2,1X, "AND ‘A4, F5,2)

e

SLON (NS)

.

CALL LOOK1(NS,DATA1(3,I},NST,INDEX)

IF(INDEX.EQ.0) GO TQ 7
DATA2(1,I)=SLAT (INDEX)
DATAZ (2,I)=sSLON(INDEX)
GO TO 8
7 DATA2(1,I)=99.
WRITE(6,203) DATA1(3,1)
8 CONTINUE

INPUT OF EVENT LIBRARY.

[oNeKe!

NE=1

NE: NO OF EVENTS.

o NeoNe]

NE=NE+1 ,
. GO TO 9
10 NE=NE-1
WRITE(6,204) NE

C CHOISE OF EVENTS
C . -
DO 12 I=1,NT

S

4

: ‘ ‘ ' 3
9 READ(3,103)SLAT(NE),SLON(NE),DEP(NE),NST(NE),NNO(NE)
1F (NST(NE).EQ.ZFRO) GO TO 10

oy

-

N

CALL LOOK2(NE,DATA1(1,I),DATA1(2,I)}NST,NNO,INDEX}

IF(INDEX.EQ.0) GO TO 11
DEPTH (I)=DEP (INDEX)
DATA2(3,I)=SLAT (INDEX)
v DATA2(4,I)=SLON(INDEX)
GO TO 12 » ,

~
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11 DATA2(3,I)=99.
WRITE(6,205) DATAT(1,I) ,DATA1(2,1)
12  CONTINUE

c .
¢  SORTING OUT RESIDUALS FOR WHICH COORDINATES WERE
C  NOT FOUND.
c
J=0
po 52 I=1,NT O
TP (DATAZ (1, 1) .EQ.99.0.0R.DATA2(3,I).EQ.99.9) GO TO 52
J=J+1

TIME(J) =T INE (1)
ERK (J) =ERR (1)

| DO 53 K=1,4

53  DATA2 (K,J)=DATA2 (K,I)
DO S4 K=1,5

St DATA1(K,J)=DATA1(K,I)

S2  CONTINUE -
NT=J \\\
WRITE (6,252)

252 FORMAT ('OUTPUT OF STATION, MIDPCINT OR EVENT COORDINATES , ‘',

*'YES OR NO 2')

N

CHOISE OF OUTPUT COORDINATES: IF YES IS INPUT, THE CORRESPONDING
-~ COORDINATES ARE WRITTEN OUT. THE PARAMETERS ARE:

NEV: EVENTS. |
NHA: POINT MIDWAY BETWEEN EVENT AND STATION.

NSTA: STATION

sNeNsNesEeESKS]

READ(5,104) NSTA,NHA,NEV
IF (NSTA.EQ.YES) WRITE(6,213)
TF(NHA.EQ.YES) WRITE(6,214)
IF(NEV.EQ.YES) WRITE(6,215)
po 13 I=1,NT
CALL DIV(1 1,DATA2(1,I),DATA2(Z, I) DATA2(3,I),DATAZ(4,I),X, Y)
HLAT (I} =X (1) -
HLON (I)=Y (1)
13 CONTINUE

SELECTING DATA HAVING DEEPEST POINT OF RAY IN
A LAT LON SQUARE X1,X2 AND ¥1,Y2.

CHOISE OF DATA IN DEPTH RANGE H1 TO HZ2.

OO0 0O0O0n

CHOISE OF DATA IN DISTANCE RANGE D1 TO D2

WRITE(6,261)

261 FORMAT('DEPTH RANGE?')
READ (5, 106) H1, H2
WRITE (6,262)

262 FORMAT('DISTANCE RANGE?')
READ (5, 106) D1, D2
NT1=0
®WRITE(6,237)



C
C

C

C
C
C

237

41

43

18

79

73

257
61
14

FORMAT (*GRID?")
READ(5,212) X1,X2,Y1,¥2

DO 73 I=1,NT

IF((X1+X2).EQ.0.) GO TO 41

IF (HLAT (I).GE.X1.AND.HLAT(X) .LT.X2,AND,HLON (I).
*GE.Y1.AND.HLON(I) .1T.Y2) GO TO 41

GO TO 73

CONTINUE

IF((H1+H2).EQ.0.0) GO TO 42
IF(DEPTH(I).GE.H1.AND.DEPTH(I).LT.52) GO TO 42
GO TO 73

CONTINUE

CALL DELAZG(DATA2(",T),DATA2(2,I),DATA2(3,I),DATA2(4,T) ,AD,DUN,
IF((D14C2).EQ.0.) GC TO 43

~IF(AD.GE.D1.AND.AD,LT.D2) GO TO 43

GO TO 73
CONTINUE
NT1=NT1+1
HLAT (NT1) =HLAT (I)

HLON (NT1) =HLON ()

DO 78 K=1,u4

DATA2(K,NT1) =DATA2 (K, I)

DO 79 K=1,5 |
DATA1(K,NT1) =DATA 1 (K, I)

TIME (NT1)=TIMF (1)

ERR(NT1) =ERR (I) .

DEPTH (NT1)=DEPTH (I)

DEL (NT 1) =AD

CONTINUE

NT=NT1

WRITE (6,257) NT .

FORMAT (*NUNBEF OF RESIDUALS ARE NOW',IS)
CONTINUE _
CONTINUE

o

CALCULATION OF -AVERAGE RESIDUAL.

15

29

235

53

DO 15 I=1,NT
XX=XX+TIME(I) /NT
CALL ADIV(NT,XX,TIME,AD)
WRITE (6,207) XX,AD
TF (NCOMP.EQ.1) GO TO 28
CONTINUE ' ‘ ,

CALCULATION OF SURFACE RAY TRACES

IF(NO.NE.YES) GO TO 69
WRITE (6,235)

FORMAT (*RAY TRACFS?')
READ (S, 10C) NTR

IF (NTR.NE.YES) GO TC 65
I=100 °

DO 66 L=1,NT.



246

CALL DIV (I,1,DATA2¢1,L),DATA2(2,L),DATA2(3,L),DATA2(4,L),X,Y)
WRITE(8,105) 1
WRITE(8,212) (X(I1J),Y(IJ),1d=1,100)

66 CONTINUE

65 CONTINUE

C THE CHOSEN DATA IS WRITTEN OUT

NRITE(6,253)
253 FORMAT (*OUTPUT UNIT 27)
READ (5,105) IL '
IF(IL.EQ.0Q) GO TO 55
WRITE(IL,216) :
DO 16 J=1,NT .
IODEPTH=DEPTH (J) ,
16 WRITE(IL,208) (DATA1(I,J),I=1,5), (DATA2(K,J} ,K=1,4d) ,HLAT (J) , HLON
*,DEL (J) ,IDEPTH,TINE (J) ,ERR(J)
55 ' CONTINUE -
C
C  INPUT OF SORTING BCUNLARIES

WRITE (6,254)
254 FORMAT ('INPUT OF SORTING BOUNDARIES,HOW MANY 27)
READ(S,105) NSYM
IF(NSYM.ED.O) GO TO 69
WRITE(6,209) ,
209 FORMAT('SORTING BOUNDARIES, SMALLEST ONE FIRST ?°!)
READ (5,106) (D (I),I=1,NSYH)
D(NSYM+1)=10.

CORRECTING THE RESIDUALS FOR ERRORS, SO THE RESIDUALS
ARE CENTERED ARCUNL THE MIDLE TWRO SORTING BOUNDARIES.

NnOoooO

DO 81 I=1,NT
IF(ERR(I).EQ.C.0) GO TO 81
IF(TIME(I).LT.D(NSYM/2)) TINE(I) =TIME(I)+ERR(I)
IF(TIME(I).GT.D(NSYM/2+1) ) TIME(I)=TIME(I-ERR(I)
81 CONTINUE
po 17 J=1,10
KK (J) =0
Do 17 I=1,500
17 MJ,I)=0

C
C SORTING OF THE RESIDUALS
C

NSYM=NSYM+1
CALL SORT(NSYM,NT,D,TIME,HM,KK)
WRITE(6,211) (KK(I),I=1,NSYH)
N1=1

WRITE (€, 306)

" INPUT OF TITLE

s eNe!

306 FORMAT('TITLE?")



FEAD (5,15C) TITL?
15C FORMAT (A4 ,4A4)

o

CALCULATION OF CENTRAL POINTS OF A PARTIAL RAYTRACE.

St

[oNoN®!

© WRITE(6,110)
110 FORMAT (* CENTRAL RAY POINTS, HOW MANY DEGREES ?!)

READ (5, 106) RPCINT
IF(RPOINT.EQ.0.0) GO TO 67
po 85 I=1,NSYM

K1=KK(I)

IF(K1.EQ.0) GO TO 85

Do 68 J=1,K1

JJ=M(I,J)
C L ‘
C 40 POINTS IS USED FOR' RAY.

NPOINT=u0 AR A T

CALL DIV (NPOINT, BB DATA212,JJ),DATA2(3,JJ),

*DATA2 (4,Jd) ;XiY)

FRAC= (RPOINT/DEL(J“, r/f Y]
ISIDE=40. *(1.—FRAC)/2r.w_%‘, - T
TCEN=40-2%ISTDE e

T1=ISIDE+

12=ISIDE+ICEN - y

WRITE(7,301) ICEN, NHVS (I+3),D(I),TITLI
WRITE (7,212) (X(IJ),Y(TIJ) ,13=I1,12)
68  CONTINUE
85  CONTINUE
67 CONTINUE
IF(NEV.NE.YES) GO TC 20

C SORTING OF EVENT COORDINATES.
C .
300 FORMAT(2I5,'EV. UPPER LIMIT',F5.1,1X,5A4)
301 FORMAT(2I5,'HV. UPPER LIMIT',F5.1,1X,5A4)
302 .FORMAT(21I5,'ST. UPPER LIMIT®,F5.1,1X,5A4)
po 19 I=1,NSYM
K1=KK (I}
IF(K1.EQ.0) GO TO 19
WRITE(7,300)K1,I,D¢I),TITLI
po 18 J=1,K1
JI=M(I,J)
SLAT (J)=DATA2(3,JJ)
18 SLON ¢(J) =DATA2 (4,JJ)
WRITE(7,212) (SIAT (L) ,SLON(L) ,L=1,K1)
19 CONTINUE
20  CONTINUE
IF(NHA.NE.YES) GO TO 23

SORTING OF HALF DISTANCE COORDINATES

[eNeNe!

Do 22 I=1,NSYHM
K1=KK (I)




248

IF(K1.E0.0) GO TO 22 , '
WRITE(7,301)K1, NHVS (I+3),D(I),TITL1
DO 21 J=1,K1

! JJd=M(I,J)
SLAT (J) =HLAT (JJ)

21 SLON (J) =HLON (JJ)

’ WRITE(7,212) (SLAT(L),SLON(L) ,L=1,K1)
2 . CONTINUE

23 CONTINUE ‘

Y TIF(NSTAW.NE.YES) GO TO 26
SORTING OF STATICN CCORDINATES

DO 25 I=1,NSYM
K1=KK (1) 4
IF(K1.EQ.0) GO TO 25
ISM=T+112 ¢
WRITE(7,302)K1,1I,D(I),TITLI
DO 24 J=1,K1 :
JJ=HM(1,J) .
SLAT(J)=DATA2(1,dJ)
24 SLON (J)=DATA2 (2,J4J)
WRITE(7,212) (SLAT (L) ,SLON(L}) ,L=1,K1)
25 ‘CONTINUE .
26 CONTINUE
69 CONTINUE
241 CONTINUE
10C FORMAT (5 (A4,1X) ,2F6.0)
101  FORMAT (20A4)
102 FORMAT (2X,A4,4X,2F10.0)
103 FORMAT (25X,2F10.0,74.0,11X,A4,2X, Ad)
104 FORMAT (3A4) ‘
165 FORMAT (I5)
106 FORMAT (10F10.0)
107 FORMAT (2 (A4, 1X))
108 FORMAT(2F5.1) - ‘
2C2 TFORMAT('NUMBEEK OF STATIONS IN LIBRARY',IS) ’
203  FORMAT (*STATION ',A4,' NOT FCUND IN TABLE')
204 FORMAT ('NUMBER OF EVENTS IN LIBRARY',IS) .
2C5 FORMAT('EVENT WITH SOURCE *,A4,* AND NUMBER ',A4,° NOT
*FOUND IN LIBRARY'/)
207 FORMAT ('AVERAGE RESIDUAL AND AVERAGE DEVIATION',2F5.2)
1208 FORMAT (A4, 1X,4A4, 3(F5.1,1X,F6.1,1X) ,F5.1,1%,13,1X,P5:1, 1X,F3.1)
211  FORMAT('NUMBER CF NUMBERS IN EACH GROUP',1015)
212 FORMAT (10F8.2) :
213 FORMAT('STATION COORDIANTES ARE OUTPUT!)
274  FORMAT ("HALFWAY COORDINATES ARE OUTPUT!)
215 FORMAT (!EVENT COORDINATES ARE OUTPUT')
216 FORMAT (* PARAMETERS',11X,' STLA STLO EVLA EVLO HWLA v,
*'HWLO DIST DEPTH RESI ERR')
218 FORMAT('OUTPUT OF RESIDUALS WITH COMPARETIVE',
. *' PARAMETERS',d4 (2X,A4))
219 TFORMAT(7(A4,1X),2(2F8.2,24))
S o
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END
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PROGRAM TO CALCULATE THE DIFFERENCE IN P AND AZIMUTH
BETWEEN THE P WAVE AND THE CONVERTED ©S WAVE, THE
CONVERSION TAKING P'ACE AT A DIPPING INTERFACE.

I. THE S VELOCITY T THE SECOND MEDIA IS SET TO ZERO
CNLY THE CAHNGE IN THE RAY PARAMETER OF THE P WAVE

IS CALCULATED.

DIMENSION DELP(10),LELAZ (10)

DIMENSION D (1C)

WRITE(6, 101)

FORMAT (*NDIP AND NSTRK 2')

READ (5, 102) NDIP, NSTEK

FORMAT (1015) .
. WRITE (6, 104) '

FORMAT('P,AZ,VO,V1,VS1 27) LN

NDIP: NUMBER OF DIFFERENT DIP'S, START WITH 0.5 AND
iNCREASES BY 0.5 DEGREES. MAXIMUM NUMBER.IS 10.

. NSTRK: NUMBER OF DIFFERENT STRIKES USED, THE STRIKES

USED WILL BE (360/NSTRK)*I,I=1,NSTRK+1.
P: RAY PARAMETER (SEC/DEG) OF THE INCOMING.RAY.
AZ: AZIMUTH(DEGREES POSETIVE CLOCKWISE FROM THE NORTH)
OF THE INCOMING RAY.
: VELOCITY (KM/SEC., OF RAY BEFORE THE INTERFACE.
V1 P-VELOCITY OF RAY AFTER THE INTERFACE.
VS1: S-VELOCITY OF THE CONVERTED P WAVE AFTER THE -
INTERFACE.

READ (5, 10C) P,AZ,Y0,V1,VST
FORMAT (6 F8. 2)
NP=3 w
IF P IS ZERO, 6 DIFFERENT TABLES WILL BE CALCULATED WITH
THE P VALUES 3,4,5,6,7 AND 8.
IF P IS NOT ZERO, ONLY ONE TABLE WITH THE P VALUE WILL
BE CALCULATED.

IF(P EQ.0.0) NP=8
DO 10 KP=3,NP
IF{NP.NE. 3) P=KP
WRITE(6,201)P,AZ,V0,V1,VS1
- FORMAT g/, 1X,"P=* ,P5.2,2X,"A2=',F6.1,2X,'V=",F5.2,
rzx,'v1—!,rs.2 2x,~vs1—',95 2/)

S 6 0]
2 FORMAT ¢ §?§1KE',2X,'DIP-' 10;?3 1,9%) /)
_N1=NSTRK¥T - ¢

.D0 1.IS=1,NDTP
,_fwaadgdks*o 5

TAZ- 1}#4360 /NSTRK)



J
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CALL DIP(P,AZ,V0,V1,ARCT,ALON PP,AZP)
IF(VS1.EQ.0.0) GO TC 5

CALL DIP(F,AZ,V0,VS1,AROT, sLON NS, AZS:
DELP(IS)=pp-p5

DELAZ (IS) =AZS-AZ

GO TO 1 :
5 DELP (IS)=pP-pp

DELAZ (IS) =AZ-AZP
1 CONTINUE

WRITE(ﬁ,ZOO)ALON,(DELP(I),DELAZ(I),I=1,NDIP)
20¢ FORMAT(lX,FS.1,3X,10(F5.2,FS.1,2X))

2 CONTINUE -
10, CONTINUE . .
sToP

END



SUBROUTINES

.
SUBRQUTINE ADIV (N,AV,X,AD)

C
C CALCULATION OF THF AVERAGE DEVIATION AD FOR N
DATA POINTS WITH AVERAGE AV AND STORED IN THE

ARFAY X,

DIMENSION X (N) §

AD=0.0

DO 1 I=1,N

'+ AD=AD+ABS (X (I-AV)

AD=AD/N

FETURN

END

3 j/

?‘ o '\i ' — - ""“i'}
e -y . . ‘
P - SUBROUTINE BNDPAS (E1,#2,DFLT, D, G) .

ow "’ o
€.+ SUBKOUTINE BY DAVE GANLEY ON MARCH 5, 1977.
-, . . »

" THE PURPOSE OF THIS, " SUBROUTINE IS To DESIGN AND APPLY A
KECURSIVE BUTTFRWORTH EAND PASS FILTER (KANASEWICH, TIME SERTIES
ANALYSIS IN GEOPHYSICS, UNIVERSITY OF ALBERTA PRESS, 1975; SHANKS,
JOHN L, RECURSION FILYZRS POR DIGITAL PROCESSING, GEOPHYSICS, V32,
PP 33-51, 1967).. 1IN OFDER TO DESIGHN THE FILTER A CALL MUST BE
NADE TO BNDPAS AND THEN THE FILTER MAY BE APPLIED BY CALLS To
FILTER. .THE FILTER 'WILL HAVE 8 POLES IN THE S PLANE AND Ts
APPLTED IN FORWARD AND REVERSE DIRECTIONS SO AS TO HAVE ZERG
PHASE SHIPT. THE GAIN AT THE TWoO FREQUENCIES SPECIFIED AS
CUTOFF FREQUENCIES WILL BE -6D5 AND THE ROLLOFF WILL BE ABOUT
96 DB PER OCTAVE. A BILINEAR g TRANSFORM IS USED IN DESIGNING
THE FILTER TO PREVENT ALIASING PROBLEMS.

n‘nnnnnnnnnnmnq

COMPLEX P (4),S(8),21,22°
DIMENSION D(8),X(1),XC(3),x - +XE (3)
DATA ISW/C/,TWOPI/6.2831853, :

Hon

G

C . . ,
C THIS SECTION CALCULATES THE PILTER AND MUST BE CALLED BEFORE

C FILTER IS CALLED :

C ' ' .

C- F1 = LOW FREQUENCY CUTO Fp (6 DB DOWN)

c F2 = HIGH FREQUENCY CUTOFF (6 DB DOWN) ‘

o DELT = SAMPLE INTERVAL IN MILLISECONDS 1 , -

C D = WILL CONTAIN 8 2 DOMAIN COEFICTENTS OF RECURSIVE FILTER
c :

c

WILL CONTAIN THE GAIN OP THE PILTER

DT=DELT/1000.0, o
TDT=2,0/pT [ D
FDT=4,0/DT | ‘ — : )
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ISW=1
P(1)=CHMPLX(-.3826834,.9238795)
P(2) =CMPLX(-.3826834,-.9238795)
P(3)=CHMPLX(-.923879%,.3826834)
P(d)=CHPLX(-.9238795,-.3@36834)
W1=THOPTI*F1 :
W2=TWOPI*F2 .
W1=TDT*TAN(W1/TDT)
W2=TDT*TAN (W2/TDT)
HWID=(W2-W1) /2.0
WW=W1*W2
DO 19 I=1,4
Z21=P (I) *HWID
Z2=21%Z1-WH
Z2=CSORT (Z2)
5¢I) +22
19 S(X+4,)=21-22
G=.5/HWID
G=G*G
G=G*G
po 29 1=1,7,2
=-2.0*REAL (S (1))
Z1=S (1) *S (I+1)
C=REAL (Z1)
A=TDT+B+C/TDT
G=G*A
D(I)=(C*DT-FDT) /A
29 D(XI+1)=(A-2.0%B) /A
G=G*G
~ 5 FORMAT ('-FILTER GAIN IS ',F12.6)
RETURY o i a
ENTRY FILTER(X,N,D,%,1G)

DATA VECTOR OF LENGTH N CONTAINING DATA TO BE FILTERED

x:
D = FILTER COEFFICIENTS CALCULATED BY BNDPAS
G = FILTER GAIN .
IG = 1 MEZANS TO REMOVE THE FILTER GAIN SO THAT THE GALN IS
UNITY.
IF (ISW.¥",1) GO TO 31 .
WRITE (= . ‘ o : Ny
6 FORMAT { iBNDPAS MUST BE CALLED BEFORE FILTER') .
CALL EXIT : SR

2

. APPLY FILTER IN FORWARD DIRECTION

31 XM2=X¢1)
M1=X(2)
XM=X (3)
XC (1) =x42
XC(2)=XM1-D (1) *XC (1) .
XC(3) =XM-XM2-D (1) *XC (2-D (2) *XC (1)
XD(1)=XC (1) )
XD(2) =XC(2-D (3)*XD 1)
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34

35

36

37

39

XD (3) =XC (3~XC (1-D(3) *XD(2-D (4) *XD (1)

XE(1)=XD (1)

XE(2)=XD(2-D(5) *XE (1)

XE(3) =XD(3-XD (1-D (5) *XE (2-D (6) *XE (1)

X (1) =XE (1)

X(2) =XE(2-D(7)*X (1)

X(3)=XE(3-XE(1—D(7)*X(2-D(8)*X(1)

DO 39 TI=u,N

XM2=XM1

M1=XM

XM=X (1)

K=I-((I-1)/3)*

GO TO (34,35, 3€),K

M=1

M1=3

M2=2

GO To 37

M=2

M1=1

M2=23 .o

GO TO 37 ty Y

M=3

M1=2

M2=1 : S

XC(M)=XM-XM2-D(1)*XC(H1—D(2)*XC(M2) -

XD(M)=XC(M—XC(M2-D(3)*XD(M1-D(4)*XD(M2)

XE(M)=XD(M-XD(M2—D(5)*XE(M1~D(6)*XE(H2)

X(I)=XE(M-XE(M2-D(7)*X(I-1-D(8)*X(I-2)
b}

FILTER IN REVERSF LDIRECTION

IM2=K (N)
XM1=X(N=-1)

XM=X (N-2) :

XC(1)=XM2 ' .
XC(2)=XM1-D (1) *XC (1) B
KC(3) =XM-XM2-D (1) ¥XC (2-D (2) *£C (1) , -
XD (1)=%C (1) e
XD(2) =XC (2-D(3)*XD (1)

XD(3) =XC(3-XC(1-D(3) *XD (2-D (4) *XD (1)

XE(1)=xDp¢1) "

XE(2)=XD(2-D (5) *XE (1)
XE(3)=XD(3-XD(1-D(5)*XE(Z-D(@)*XE(1)

X (N) =XE (1) . ' .

X(N-1)=XE (2-D(7) *X (1)
X(N-Z)=XE(3-XE(1-D(7)*X(2-D(8)*X(1)

DO 49 I=4,N .

XM2=KM1 .

XM1=xXM

J=N-T+1

IM=X (J)

K=I=-((I-1)/3)%3

GO TO (44,45,46) ,K

4y M=1 - Y

Al

ro

[%s]
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M1=3
M2=2
GO TO u7
45 M=2
M1=1
K2=3
GO TO 47
46 M=3
M1=2
M2=1
47 XC(M)=XM-XM2-D (1) *XC(M1-D (2) *XC (M2)
XD (M) =XC (M-XC (M2-D(3)*XD (M1-D (4) *XD (M2)
XE(M) =XD(M-XD (M2-D(5)*XE(M1-D (6) *XE (M2)
49 X (J) =XE (M-XE (M2-D (7)*X (J+1~-D (8) *X (J+2)
IF (IG.NE.1) RETURN
DO 59 I=1,N
59 X(I)=X(1)/G
RETURN
END

——
AT R
N ped g

A

SUBROUTINE CAZM(N,IREL,LAT,LON,CZ)
SUBROUTINE BY JENS HAVSKOV SPRING 77

CALCULATION OF AZIMUTH CORRECTION DUE TO
NON PARRALEL LINES OF LONGITUDE AT
ANY POSITION NOT ON TEE EQUATOR.
LAT,LON ARE THE POSITIGNS OF THE POINTS, AND
ALL CORRECTIONS ARE CALCULATED RELATIVE TO
THE POINT LAT(IREL) ,LCN(IREL)

REAL CZ (10), LAT(10) LON(1G)

CDN=57.295779

DO 1 I=1,N

DEL=LON (I-LON (IREL)

P=(90. —(LAT(I)*LAT(IREL))/2)/CDN

" CZ(I)=DEL*COS (P)

CONTINUE

RETURN . .

END ' '

. *

-

SUBROUTINE CIRCLE (N,R,C1,C2,LAT,LON)
A POINT WITH COORDIANIES (C1,C2) ON A SPHERE IS
SURROUNDED WFTH N POINTIS (LAT,LON) IN A DISTANCE
R FROM (C1,C2). ALL CTORDINATES AND DISTANCES
ARE IN RADIANS. 7o
R | e

.
BRY

Core

WL

iF.

&
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"ANGLE TO THE RAY.

RFAL LAT (100),LON (100)
CON=1.5707963
BC=R
AB=CON-C1
DO 1 I=1,N _
~ B= u*CON*I/FLOAT(N 1)
AC= COS(BC)*COS(AB)+SIN(BC)*SIN(AB)*COS(B)
IF(AC.LT.=1.0) A€C==1.0
IP(AC.GT.1.0) AC=1.C
AC=ARCOS (AC)
A= (COS (BC-C (AC)*COS(AB))/(SIN(AC)*SIN(AB))
IF(A.GT.¥:0) A=1.0
IF(A.LT.-1.0) A=-1.C
A=ARCOS (A)
LAT (I) =CON-AC .
IF(B.GT.2*CON) LON(I)=C2-A
IP(B.LT:2%CON) LON(I)=C2+A
CONTINUE '
PETURN :
END BN

Y o

' SUBROUTINE CURVE(D1,D2,A21,A%2,AZ,R,X)

Ve . :
SUBROUTINE BY JENS HAVSKOV, SPRING 77

-

X (KM) IS THE CORRECTION IN DISTANCE A SPHERICAL
WAVE HAS TO TRAVEL FROM STATION (1) TO (2) COMPARED
TO WHAT IT WOULD HAVE TRAVELLED AS & PLANE WAVE.

X IS ALWAYS POSETIVEs D1 AND D2 ARE DISTANCES (KM)
FROM A REFERENCERPOINT TO (1) AND (2), A2Z1 AND AZ2
ARE THE CORRESPONDING AZIMUTHS (DEG) AND R (DEG)
AND AZ (DEG) ARE DISTANCE AND AZIMUTH FRQ@%;HE

REFERENCE POINT TO THE SOURCE. o
h t

RAD=0.01745329
AAZ1= (AZ1>AZ) *RAD
AAZ2=(AZ2- AZ)*RAD
DD INS DISTANCE FROM STATION TO STAION AT A RIGHT
DD1=ABS (D1*SIN(AAZ1))* (RAD/111.2)
DD2=ABS(D2*SIN(AA22))*JRAD/111.2)
R IS DISTANCE FROM SOURCE TO STATION

R1= (R<D1%COS (AAZ1) /111.2) *RAD
R2= (R-D2%COS (AAZ2)/111.2) *RAD

‘TH IS THE APATURE FOR‘THE TWO STATIONS

256
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TH1=2*ARSIN(SIN(DD1/2)/SIN(R1))

~TH2=2*ARSIN(SIN(DD2/2)/SIN(R2))
CALCULATE X )

TF(ABS(TH1) .LT.0.005) GO TO 1 P

A1=ARCOS(COS(R1)*SIN(TH1)) ’ .

X1=ARCOS(COTAN(A1)*COTAN(TH1))

GO TO 4 ‘

X1=R1

CONTINUE | ) | >

IF(» "(TH2).LT.0.005) GO TO 2 A
A2=h. COS(COS (R2) %SIN.(TH2))

X2=ARCOS (COTAN(A2) *COTAN (TH2)) o
GO TO 3 '

X2=R2 ' . .
x=(ABS(R1—R2+x22x1))*(111.2/RAD)
R1=R1/RAD

R2=R2/RAD

TH1=TH1/RAD

TH2=TH2/RAD

RETURN

END

SUBROUTINE DEL(LAT!,LONT,LAT2,LON2,AD)
CALCULATION OF THE DISTANCE IN DEGREES D BETWEEN
TWO POINTS ON A SPHERICAL FARTH. THE COORDINATES OF
THE THO POINTS ARE LAT1,LON1 AND LAT2,LON2. ALL
ANGLES ARE IN DEGREES.

REAL LAT1,LON1,LAT2,LON2
CDN=574295778
SL1=LAT1/CDN
SL2=LAT2/CDN
OL1=LON1/CDN
OL2=LON2/CDN
CON=1.57079
A=LON2-LON1
A=ABS (A)
IF{A.GT.180.)A=360,-14
A=A/CDN : ‘ 0
CD=CON=-SL2

BD=CON=-SL1 , : , :

AD=COS5 (CD) *COS (BD) +SIN (CD) *SIN(BD) *COS ()
IF(AD.LT.-1.0.AND.AD.GT.~1.02) ADE-1.0 .
IF{AD.GT. 1.0.AND.AD.LT.1.02) AD=1.0 g
AD=ARCOS (AD) *CDN ' ‘

RETU RN

FND . .

~ "

257
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SUBROQUTINE DEGKM(NN,ELAT,SLAT,DLTA,CDLTA)

- CONVERTS DISTANCE IN DEGREES TO DISTANCE IN KMS.

DIMENSION SLAT (200),DLTA(200),CDLTA (200)

c XMJ=6378.0

| _KMN=6356.9
S XMI=X NI* XMJ
S KMN=XMN*XNN
=0 ]

101 I=T+1

IF (I.GT.NN) PETURN
IF (DLTA(I).GT.10.0) GO TO 100
DFLAT=ELAT-SLAT (I)
ALAT=RLAT-DFLAT/2.

SNLAT=SIN (ALAT)
SNLAT=SNLAT#*SNLAT
CLAT=COS (ALAT)
CLAT=CLAT*CLAT ‘
kDSQ=SXNJI*SXMN/ (SXMI*SNLAT+SXMN*CLAT)
RAD=SQRT (RDSQ)

' CDLTA (I) =RAD*DLTA(I)/57.295778
GO TO 101 . :

100 CDLTA(X)=111.2*DLTA (I)

GO TO 101 S
END

SUBROUTINE DELAZG(LAT1,LON1,LAT2,LON2,AD,KH,AZ)

SUBROUTINE BY JENS HAVSKOV FEB 77

CALCULATION OF THE GEOCENTRIC DISTANCES D¢DEG), KM(KM) AND
AZTMUOTH AZ (DEG) BETWEEN TWO POINTS ON A SPHERICAL EARTH.
THE COORDINATES OF THE TWO POTINTS ARE LAT1,LONY AND LAT2,%HUN2,

~ALL ANGLES ARE IN -DEGREES AND AZ IS RELATIVE.TO‘(LAT1,LON1).

REAL KM,LAT1,LON1,LAT2,LON2
DIMENSION SL(1),DL(1),CDL (1)
CDN=57.295778 .
SL1=LAT1/CDN ,

SL2=LAT2/CDN B

SL1=ATAN (0.993277*TaN(SL1))
%22=ATAN(O.993277*TAN(SL2))

CON=1,5707963

A=LON2~-LON1 »

A=ABS (A)

IF(A.GT.180.)A=360.-14

A=A/CDN o

CD=CON=-SL2

BD=CON-SL1 : .
AD=COS(CD)*COS(BD)+SIN(CD)*SIN(BD)*COS(A}
IF(AD.LT.~1.0.AND.AD.GT.~1.02) AD=-1.0
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IF(AD.GT.1.0.AND.AD.LT.1.02) AD=1,0
AD=ARCOS (AD)

IF(AD.LT. 0.00€001) GO TO 10
AZ=(COS(CD-COS(BD)*COS(AD))/(SIN(BD)*SIN(AD))
IF(AZ.LT.~1.0.AND.AZ.GT.~1.02) AZ=-1.0
TF(AZ.GT.1.0.AND.AZ.LT.1.02) AZ=1.0
AZ=ARCOS (AZ) *CDN

AD=AD™CDN

DL (1) =AD

SL(1)=511

N=1

CALL DEGKM(N,SL2,SL,DL,CDL) -

KM=CDL (1)

IF(LON2.LT.LON1) AZ=360.-AZ- .

GO To 11

AzZ=0.

AD=0C.

KM=C.

CONTINUE )
KETURN

END

CALCULATION OF THE CHANGE IN THE RAY. PARAMETER P
(SEC/DEG) , AND AZIMUTH(DEG) AZ A RAY UNDERTAKES BY
PASSING A DIPPING INTERFACE. THE INTERFACE STRIKES
ALONG A LINE WITH AZIMUTH ALON (DEG), AND THR
INTERFACE IS DIPPING DCWN AROT DEGREES IN AZIMUTHAL
DIRECTION ALON+90 DEGREES. THE RESULTANT RAY.
PARAMETER AND AZIMUTH IS PO AND AZO.

SUBROUTINE DIP (P,AZ,V0,V1,AROT,ALCN,PO,AZO)
DIEENSION R(3,3).,B(3,3),P1(3),P2(3),P3(3),Pu(3)
PI=3.1415926535

CON=PI/180.

AAO=ARSIN (P*(VO/111.19493))

AAZ=PI-AZ*CON .

SLON=180.-ALON :

ROT=AROT

SLAT=C.C

CALCULATION OF TRANSFORMATION MATRIX.
CALL EUL(SLAT,SLON,KOT,A)

P1 IS THE SO CALLED RAY VECTOR OF THE INCOMING RAY
IN THE BASIC COORDINATE SYSTEM, P2 THE RAY VECTOR IN
THE COORDINATE SYSTEM OF THF SLOPING INTERFACE
BEFORE TRANSMISSION, P3 AFTER TRNASMISSION AND Py

IS THE RAY VECTOR OF THE TRANSMITTED RAY IN THE
BASIC COORDINATE SYSTEM.

(P1(1),P1(2)) IS THE CONVENTIONAL RAY PARAMETER

OF THE INCOHIQG RAY IN THE BASIC COORDINATE SYSTEH,

259
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P1(1)=SIN(AAQ) *COS(AAZ) /V(
P1(2)=SIN(AAOQ) *SIN(AAZ) /VO
P1(3)=C0S (AA0Q) VO '

po 10 1=1,3

P2(I)=0.0
P4 (I)=C.0
Do 1 J=1,3

DO 1 I=1,3
P2(J)=A(J,I)*P1 (1) +E2(J)
COAO=ABS (P2 (3) *V0)

SOAQ=SQRT (1-COAQ**2)
P3(1)=P2(1)

P3(2)=P2¢2)
COAT1=SQRT (1~ (SOAQ*V1/V(0) *%2)
P3(3)=CoAl/v]

DO 2 J=1,3

po 2 1=1,3

THE INVERSE MATRIX.

B(I,J)
DC 3 J

P4 (J)=B(J,I)*PI(I)+Fd (J)
PO=SQRT(PU (1) **24PY4 (2) *%2)
AZO=ATAN2 (P4 (2),Pu (1))
AZ0=AZ0O/CON

A20=18C.-AZ0
PO=P0O*111.19493

RETURN

END

CALCULATION OF COORDINATES (LAT,LON), WHICH ARE BETWEEN
BETWEEN THE POINTS WITH COORDINATES (LAT1,LON1) AND
(LAT2,LON2). THE POINTS ARE CHOSEN ALONG THE GREAT
CIRCLE GIVING THE SHORTEST DISTANCE BETWEEN THE THO

GIVEN POINTS, AND THE DISTANCE IS EQUALLY DIVIDED BY N+1.
COORDINATES MUST BE GIVEN AS LAT(" "ORTH), LON(+EAST).
LATTITUDES MUST HAVE VALUES -18(C O +180 OR 0 TO 360,

RUI NOT MIXED. '

COORDINATES ARE IN DEGREES IF M=1, AND IN RADIANS IF M=2.

IF N EQ C ONLY THE DISTANCE IS CALCULATED, THE RESULT

" BEING IN LAT(1).

SUBROUTINE DIV (N,M,LAT1,LON1 ,LATE), LON2,LAT, LON)
REAL LAT1,LON1,LAT2,LON2,LAT (100),LON (100)
NCH=N

TF(N,EQ.0) N=1

TF(M.NE.1) GO TO 20

CDN=57.29571718 - %\

/-
/
re
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LAT1=LAT1/CDN , \

,LAT2=LAT2/CDN

LON1=LON1/CDN
LON2=LON2/CDN
CONTINUE
CON=1.57017Y
A=LON2-LON1
TF(a)1,1,2
CD=CON-LAT2
BD=CON-LAT1
Y2=LON1
A=-A
GO TO 7
CD=CON-LATT
BD=CON-LAT2
Y2=LON2
ZONTINUE
po 10 I=1,N
IF(SIN(BD).EQ.0.) GO TO 3
IF(SIN(CD).EQ.0.) GO TO 4
AD=COS (GD) *COS (BD) +SIN (CD) *SIN(BD) *COS (A)
IF(AD.LT.~1.0.AND.AL.GT.-1.05)AD=~1,0
IF(AD.GT.1.0.AND. AD LT.1.05)AD=1.0
AD=ARCOS (AD) -
IF(NCH.EQ.0) GO TQ 40
ADD AD*I/ (N+1) -
= (COS(CD~- COS(BD)%COS(AD))/(SIN(BD)*SIN(AD))
IF(C LT.-1,0.AND.C.6T.~1.05)C=-1.0
IF(CeGTe1.0+AND.C.LT.1.05)C=1.0
C=ARCOS (C) ‘
D=COS (BD) *COS (ADD) +SIN (BD) *SIN (ADD) *COS (C)
IF(D.LT¢~1.0.AND.D.GT.-1.05)D==1,0
IF(D.GT.1.0.AND.D.LT.1.05)D=1.0
D=ARCOS (D) : P
AH= SIN(ADD)*SIN(C)/(SIN(D))

) IP(AH.LT.-1-00AND.AH-GT.-1.0S,AH=-1QO

IF(AH.GT.1.0.AND.AH.LT.1.05) AH=1.,0
AH=ARSIN (AH)

GO TO 6

D=(CD/ (N+ 1)) *I

IF(NCH.EQ.0) GO TO 38

GO TO 5

D=I*BD/ (N+1)

IF(NCH.EQ.Q0) GO TOD 38

AH=0.

CONTINUE

LAT (I) =CON~D

LON (I)=Y2~-AH

IF((A*CDN).GT.180.) LON\I)=Y2+AH
IF(M.EQ.2) GO TO 10

LAT (I)=LAT(I)*CDN

LON(I) =LON(T) *CDN

CONTINUE

GO TO S0

W

o
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AD=CD

GO TO 40

AD=BD
LAT (1) =AD
IP(M.EQ. 1) LAT (1) =LAT (1) *CDN
CONTINUE
IF(M.NE.1) GO T0 30
LAT1=LAT1*CDN
LON1=LON1%CDN
LAT2=LAT2%EDN
LON2=LON2*CDN
CONTINUE
RETURN
END

SUBROUTINE ELIP(F,H,DEL,T)

CALCULATION -OF THE J-B ELLIPTICITY CORPECTION T, ° . °H
INPUT OF THE J~B FUNCIION F(DEL) (DEL IS EPTICENTE
DISTANCE), AND THE SUM OF THE HEIGHTS H=HO+H1 ABOV.
THE- MEAN SPHERE. HO IS THE HEIGH OF THE SOURCE AND

H1 OF THE RECIEVER, UNIT: METERS.

F(DEL) IS THE VALUES CF F FOR DEL=0,10,20....180,

DIMENSION F(19)
po. 1 J=1,19

DI=FLOAT (J-1) *10
IF(DEL.GT.DI) GO TO 1

ELL=F (J=(F(J-F(J=1) ) *(DI-DEL) /10
T=H*BLL :
GO TO 2

CONTINUE

CONTINUE

RETURN

END

_SUBROUTINE EUL(B,C,D,A) | . .

CALCULATION OF THE TRANSFORMATION MATRIX A FOR AN EULEER
ROTATION WITH POLE (B,C) (DEGREES, POSITIVE NORTH AND
EAST) ANL ANGLE OF ROTATION D (DEGREES, POSITIVE
ANTICLOCKWISE) .
194

KFAL NX,NY,NZ -

DIMENSION A (3,3)

B=900"B .

CC=57.2957795

0=8/CC

p=C/cc

.Q=D/CC

262 -



C NX
C NY
C NZ

Noononh

(sNeNe]
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DIRECTION COSINE WITH RESPECT TO X-AXIS
DIRECTION COSINE WITH RESPECT TO ¥-AXIS
DIRECTION COSINE WITH RESPECT TO Z-AXIS
NX=SIN (0) *COS (P) :

i

NY = SIN(O)*SIN(P)
NZ = C0S(0)

A1,y = COS (Q) +NX*%2% (1-C0S (Q) )
A(1,2) = NX*NY*(1-COS(Q) - NZ*SIN (Q)
A(1,3) = NX*¥N2*(1-C0OS(Q)) + NY*SIN (Q)
A(2,1) = NX*¥NY* (1-COS(Q) ) +NZ*SIN (Q)
A(2,2) = COS5(Q) + NY**2% (1 - CO0S1Q))
A(2,3) = NY*NZ* (1-CCS (Q) -NX*SIN (Q)
A(3,1) = NZ*¥NX*(1-COS(Q) -NY*SIN (Q)
A3,2) = NZ*NY*(1—CCS(Q))+NX*SIN(Q)

R (3,3)=COS (Q) +NZ**2% (1-COS (Q) )
RETURN o= .
END

&

SUBROUTINE INVEUI (A,LAT,LON, ROT)
MATRIX A (3,3) IS GIVEN FOR AN EULER ROTATION,
THE CORRESPONDING COORDINATES (LAT,LON) FOR
THE EULER POLE, AND THE ANGLE OF ROTATION ROT
IS CAL&ULATED. COORDINATES ARE IN DEGREES AND
ARE PYSATIVE NORTH- AND EAST. ANGLE OF ROTATION
IS POSWIIVE ANTICLOCKVISE.- :

DIMENSION A(3,3),B(3,3)

REAL LAT,LON

C=57.29579513

ROT=(A (1,1)+A (2,2)+A(3,3~-1) /2
ROT=AREQS (ROT)

IF(ROT*C,LT.0.11) GO TO 15
==A(1,3) % (A (2,2-1) +A (1,2)*A (2, 3)

Y=—A(2,3)*(A(1,1-1)+A(1,3)*A(2,1)

Z=(A(1,1-1)f(A(2,2—1-A(1.2)*A(2,1)

XY=SQRT (X**2+Y*%2) .

TL,T IF COLAT=0
IF (ABS (X) +ABS(Y) .1T. (10E-10)) GO TO 22

TEST IF COLAT=90. RCUND OFF ERRORS PREVENT Z
TO BE 2ERO AND THE ERFOR INCRESE WITH ROT,
THEREFORE MULTIPLY BY COS (ROT)

IF (ABS (Z) *COS(RCT) . LT. (10E-9)) GO TO 20
COLAT=ATAN2 (XY,Z) '
LON=ATAN2 (Y,X)

GO TO 21
CONTINUE

COLAT=0.0

LON=0.0
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15
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GO TO 21

ALTERNATIV CALCULATION OF COLAT, WHEN COLAT

IS CLOSE TO 90

u_COLAT=9C./C

LON=ABS (A (1, 1-COS (RCT) ) / (1-COS (ROT) )

TEST IF LON=90

IF(LON.LT. (1CE-6)) LON=O0.
LON=SQRT (LON)
LON=ARCOS (LON)

CHECK IF LON IS POSETIVE OR NEGATIVE.

IFA(1,2) .LT.C.) LCN=-LON
CONTINUE
ROT=ROT*C
LON=LON*C

Lol LAT=90.-COLAT*.

¢

CHECK IF POLE Is ON NOKTHEREN OR SOUTHEREN HLHISPHERE.

q,CALL TESTLU(LAT LON ROT, A)

~GO TO 1te
CONTINUE
LAT=0.
LON=0,
ROT=0.
CONTINUE
RETURN - .

- END .
SOBROUTINE TESTEU (LAT,LON,ROT,A)
REAL LAT,LON
DIMENSION A(3,3),B(3,3)
CALL EUL (1AT,LON,ROT, B)
LAT=90.~LAT
po 1 1=1,3
DO 1-J=1,3
F= ABS(A(I J-B(I,J))
IF(F.GT.0.01) GO TO 2
CONTINUE
GO TC 3 -

- CONTINUE

<

FLIP POLE TO THE OPPOSITE HEMISPHERE.

LAT=-LAT

LCN=LON+180.
IF(LON.GT.180.) LCh LON 360
CONTINUE

RETURN,

"END ' pf

»

b
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% SUBROUTINE LCIR(LAT,LON,ROT,SLAT,SLON,DIST)

Q@LCULATION OF THE DISTANCE DIST

RCLE PATH STARTING IN (SLAT,SLON), AND
DETERMINED BY AN EULER ROTATION WITH POLE

(LA LON)

 TIVEYANTICLOCKWISE).
POSETIV NOFTH AND EAST.

. DEGREES,
REAL LAT,LON
CDN=57.29578
X 1=LAT
X2=SLAT
Y1=LON
"Y2=SLON

ALL ANGLES ARE IN

CALL~<DEL(X1,Y1,X2,Y2,D)

D=D/CDN
DIST=SIN (D)*ROT
PETURN

END

+SUBROUTINE LOCK (N, EAR, INPUT, OK)

PAR (1-5, "1-x),

AND ANGLE CF RCTATION ROT (POSE-

ALONG A SHMALL

ARE gj

AND IF CNE OF THE N PARAMETER

5 ALPHA NUMERICAL PARAMETERS INPUT(1 -5)
THEY ARE COMPARED TO A SET OF N B? S5 PARAMET R
THE VARIABL

PAR(1-5,1)
OK IS

OF INPUT.,

OK=C o
Do 3 J=1,R88 -
po 1 1=1,5

SIF(PAR (I, J).EQ.ZERO) GO TO 1
IF (PAR/(I,J) . NE. INPUI(I))

CONTINUE
OK=1 =~
GO TO- 4
CONTINUE
CONTINUE
CONTINUE
RETURN
END

MATCH WITH INPUT(1-5),
RETURNED WITH THE VALUE 1,

BLANKS IN A VALUE OF FAR MEANS THAT THAT ELEMENT
BY DEFAULT IS MATCHED WITH THE CORRESPONDING VAL

OTHERWISE ZERO.

Lo

L

GQ:\‘\TO. 2
s, S "‘4‘:1?

SUBROUTINE LOOK1(N,NNO,ENO,INDEX)

/
N ARRAY FLEMENTS ENC(I)

(FORHAT(Au))_

“:INTEGER PAR(S, 100),INPUT(5),OK ZERO/* -

iy

IS SEARCHED
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C - RETURNS THE INDEX VALUE_ FROM

NnOooAnAN

.

On0oNnnAn

u“ 3
FOR THE ELEMENT NNO (FORMAT ( Q*). Ig FOUND, INDEX
0(1), IF NOT,
INDEX=C. - Y

INTEGER ENO(SOO)

4 INDEX=0

Do 1 I=1,N ,
P (ENO ¢I) . NE. NNO) GO TO 1 =
NDEX=1I g .
GO To 2
CONTINUE _
CONTINUE _ e
RETURN ‘
END -

x‘\ \i

SUBROUTINE nooxjgjtpﬁo NSO, ENO, ESO, INDEX) -

N ELENFNTS ENO (1) AN&’ESO(I) ARE COMPARED TO NNO AND- .
NSO RESPECTIVE. IF BOTH FIT, INDEX IS RETURNED WITH
THE CORRESPOND}?EEINDEX VALUE OF ENO AND ESO. OTHE-

R

WISE INDEX 15 ‘g

] ¥

INTEGER ENO(SOO),ESC(SOO) o
INDEX=0 ‘ ‘ :
DO. 1 I=1,N )

IF(ENO(I) RE.NNO) GC TO 1
IF(ESO(I).NE NSQ) GO To 1 .
INDEX=T1 .:r- . O )

- GO TO 2 _ . ’
CONTINUE Lt
‘CONTINUE ' :

RETORN T S " L

EN - ) ) 'b .
b S R

< -

SUBROUTINE Looxatpan INPUT,0K) ‘;”f,{ﬁ

. \‘1:
5. ALPHA NUMERIC PARAMETERS INPUT(S) Is’CQaéiRED
TO ANY C@HMBANATION ‘GF S*PERAMETERS PAR{59¥N)y. IF
CNE OF THE N COMBINATIGNS MATCH THE. INPUT (5)

Q

COMBINATION, THE RETURN VALUE OF OK IS 1, : i 7
"AOTHERWISE: C. BLANKS IN PAR INDICATES ACCEPTANCE BY

L

DEFAULT EXCEPT IN ELEMENTS PAR(I,1). _ .
INTEGBR PAR(S 20) oK, INPUT(S),ZEkO/! LYy
0K=0 _ . .
DO 1 I=1,5 . o . _
DO 2 J=1,20 - , .

IF(J.GT. 1.AND.PAR(T,J) .EQ.ZERO) GO TO."]
IF(INRUT(I).EQ.PAR(I,J).OR.PAR(I,1).EQ.ZERO) GO TO 3
CONTINUE S

[

i
i
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GO TO 1

0 +1 ' .
C NUE |
I®OK.LT.5) 0K=0 . ‘

IF(OK.EQ.5) ok=1 .
RETURN
END

SUBROUTINE MATRIX(A,B,C) ' , o .
MULTTPLICATION OF TWO 3-DIMINSIONAL MATRICES, ,
A=B*C . E
DIMENSION A(3,3),B8¢3,3),c(3,3)
DO 1 %¥=1,3 . = , N
DO 1 M=1,3 ; ok
A(N,M)=O.
DO 1 J=1,3 : ,
A(N,M)=B(N,J)ﬁC(J,M)*A(N,M)‘
. CONTINUE “ w
RETURN Y . .
END " g o

‘. ’~; .
;¥

SUBROUTINE ELIP(N, LAT1 LON1 T2 LO&ﬁ%ﬁ Eﬁf DEL T
A { - LA ﬁémuﬁWw % )

V

5%
CALCULATION OF J-8 ELLTPTICITY CORRECTION OF ﬂULTIPLE SURFACE

'REFLECTED PHASES LIKF PPP OF, SCS3 = .

N: NUMBER oF SUFFACF REFLECTIONS, 1s iERq,FOR NO REFLEC’ION. e

.LAT1 LON1, LAT2£kLOﬂ2' COORDINATES IN RADT NS OF EPICQNTER ANDS§
TE

F: J-B's LLLIQT?CIT? TABLE FOR THE" CORRESPONDIﬁG’NON REFLEC
LIKE TN THE“CASE OF PPP, THE TABLE FOR P VALUES OF F ARE GIVEN F

THE DISTANCES 0, 10, 20....1squEGREEs &y
RDP: THE DEPH OF THE EATHOUAKE - ’ ' .

DEL: EPICENTRA%/<DISTANCEs & - R N - o
T: ELLIPTICITY CORRECTION IN SECS. R Ly . 'i

$
SUBROWTINES DIV AND. 1:‘IIP ARE CALLED. THE REFLEQ@ION POINTS ARE

"ECUND USING DIV. No CORRECTION IS MADE FOR & 'OF FOCUS. "ERRORS
BEREBY INTRODUCED ARE OF THE ORDER 0.1s. ' »
e 3é§ o .

REAL LAT1, N1 LatX 1oN2, LAT(10),P(19) LON(10) .. . ,
IF (N.EQ. 0) G6 TO 1 . " L
CALL DIV(N,2,LAT1,LCN1 LAT2 LON2 LAT,LON) : L
C=1.57079 ‘ ‘ . o
R=6371. o :
EPS0=C.00337 - .o . N ;
EPS1=0.00309 - . N B
RQUA=R-RDP : - ./ "%

. EPSR=RQUA¥(EPSO-RDP*(EPSO-EPS1}/1000.) _ : j
THET=C-LAT1 ) ) ,

P 3



7 g IF(ILEQ.J) U(I,Jd)=1. . R |
Lo ] IF(IINE‘J) UK(I'J) =o_’ s ~ ~ . . .
1 ' N :

’ 268
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H1=EPSR* (0. 3333333~ (COS (THET) ) **2) _
H2=0.

*IF(N.EQ.0) GO TO 3

. _EPSR=R*EPSO ;

“fO 2 J=1,N :

" THET=C-LAT(J) . \ I
H2=H2+2*EPSR* (0.3333333~(COS (THET) ) *%2)

CONTINUE :
EPSR=R*EPSO 8 " B : ,

. THET=C-LAT2 .

- H3=EPSR* (0. 33333 3~ (COS(THET) ) **2)
H=H1+H2+H3 e any
DDEL=DEL/ (N+ 1) . : B SR
CALL ELIP(F,: EL,T) " ‘
RETURN , 7

END ~ - ' o

. . Lot

4

SUBROUTINE MUL{(NROT,LAT,LON,ROT,A) .
CALCULATICN OF EULERPCLE AND ANGLE OF ROTATION FOR
UP~TO 10 SETS OF EULERPOLES (LAT(I),LON(I)), AND
ANGLES OF -ROTATIONS ROT(I). NUMBER OF ROTATIONS IS L
NROT, AND FIRST ROTATION VALUES MUST BE IN LAT(1),
LON(1) ,ROT(1) . ALSO RESULTANT ROTATION MATRIX A(3,3)
IS CALCULATED. RESULTS ARE IN LAT (10) ,LON(10),ROT(10)
AND A. ANGLES ARE IN DEGREES AND POSETIVE NORTH,EAST

. AND CLOCKWISE. .
DIMENSTION A(3,3),B(3,3),C(3,3),U0(3,3). "ﬁ&&%
REAL LAT (10),LON(10),ROT (10) » S R
Do 1¢ I=1,3 .

DO 10 J=1,3

s

'CONTINUE .-
X=LAT (1)’ S R
CALL EUL(X,LON(1),RCT(1),B) : |

- IF(NROT¥EQ.1). GO TO 2 * , o o
NROT=NROT -1 : N wge _

DO 1 I=1NROT | e

CALL EUL (LAT (I+1) ,LON(I+1),ROT (I+1),C)
CALL MATRIX(A,C,B)

' CALL MATRIX{B,A,U0" T
CALL INVEUL ¢A,LAT (M) ,LONY10),ROT (10))

G0 TO 3~ .
CALL HATRIX (A,B,U) .
LAY (10) =LAT (1)

+ LON(10) =LON (1)
ROT(10) =8pT{ 1) O = . . ..
CONTINUE . =~ - ; .
RETURN | ‘ T R
END : : :

-
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SUBROUTINE ROT (LAT,LCN,A)

THE COORDIANTES LEZTLITUDE AND LO
POSITIVE NORTH ANDYiFaST,
TO A NEW SET OF COORDIANTES
TRANSFORMATION MATRIX A.

REAL LAT,LON
DINENSION A(3,3),X(3),XX(3)
C=57.2958 -
LAT=(90.-LAT) /C

LON=LON/C

)

THE Z AXIS GOES NOBTH FROM THE CENTER O
FRCM THE CENTER TO (0,0). XX

AND THE X AXIS G: ..
ARE THE LDIRECTICN COSINES.

XX (1) =SIN(LAT)*COS(LON)
xx(2)=SIN1y§T)*SIN(LON)
XX (3)=COS (LAT) )
DO 1 I=1, 3¢
X(I)=0 ép
po 2 J=1,3
DO 2 I=1,3
;fk(d)=X(J)+A(J,I)*XX(I)
LON=ATAN2 (X (2) ,X (1)) *C
SQ=SQRT (X (1) ** 24X (2) **2)
LAT=ATAN2(5Q, X (3)) *C
LAT=90,~LAT
EETURR

A

NGITUDE (LAT,LON,

¥

USING THE

DEGREES) ARE TRANSFORMED
(LAT, LON)

F THE EARTH,

. ‘ : R
SUBROUTINF SCIR(LA?,LON,ROT,LAT1,LCNT}ﬁOT1QSDEL)

CALCULATIO& OF PESULTANT ROTATION OF 2 EULER
ROTATIONS, ONE BEING LAT,LON, ROT AND THE OTHER

A ROTATION SDEL AROUNL THE NORTH POLE, ALL

>

ANGLES ARE IN DEGREES AND ANGL® OF ROTATIONS

ARE POSETIVE ANTICLCCKWISE.\COORDINQTQS'

FOSETIVE NORTH AND EAST
£Y

REAL“%@T,LON,LAT1,LON1

DIMENSION X (10),Y(10),2(10),A(3,3) .

X (1) =LAT
Y (1) =LON
‘X (2) =90,
Y(2)=0.0 |
Z(1)=RQT
Z (2) =SDEL

CN=2 .
CALL MUL (N

e

.

»
'3

3

"%
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LOﬁ]tY(10)
ROT1=2 (10)
RETURN

END

& .-.,I

SUBROUTINE SHUF (NF,NEV,NSTA)
C - - s .
C ROUTINE REARRANGES LINFS IN A PILE NF.
c ‘
DIMENSION T(1C00,12),NSTA (50)
N2=0 "~ Y
DQ 1 I=1,NEV N
1 N2Z=N24NSTA(I) *3
‘REWIND NF
READ(NF,100)((T(J,I),I=1,12),J=1,N2)
REWIND NF '
DO 2 M=1,3
KF=0
NS=C ' J , '
DO 2 K=1,NEV P .
K?=KF+NS*3 ‘ h . h o h
NS=NSTA(K) -~ - - . e
DO 2 L=1,NS " . e .
2 WRITE(NF,1QE)(T(LFKF+(M-1)€NSnI},I=1,12)#
"100  FORMAT (12a4) . ) ’
. RETURN } ,
- END .

.

e +
Je

- SUBROUTINE SOPT (NSYM, NREC, P, DI, M, K) $§@y;1,«
. T . Y ’," .

. - . ¥

SORTING OF NREC SETS CF NUMBERS AFTER SIZE IN

NSYM GROUPS. D(I) CONTIAINS THE BOUNDARIES BETWEEN

THE GROUPS, DI(I) THE NUMBERS TO BE =ORTED, K(I)

GIVES THE NUNBER OF NUMBERS FALLING IN EACH GROUP,

AND M(I,J) GIVES THE VHCORRESPONDING ARRAY ELEMENTS -
"E.G. M(3,d=1,K(3))LISTIS THE INDICES OF D(I) PALLING ‘
IN GROOP 3. - ,
THE NUMBERS IN D(I) MUST BE INCREASING IN STYZE WITH
T o

-

o

DIMENSION,D(10),DI(500Y,K(10),u(1o,soo)
NSYM=N5SYM-1 ‘
DO 1 I=1,10 o : ,
1 K(I)=0". : ' S . .8
DO 4 J=1,NREC oo 4 . : :

< DO 2 I=1,NSYM = . . o

T7D(I).GT.DI(J)) GO TO 3

) T0 5 : ' S .
=K- = 3 - ' . . Y v %) L

3 ‘K (I)VJ*LA o ) _ SN /\ .,‘{%ﬁ._-. w

ONO0ONOONNAA

/

]
Ny i -

SRy - ' : ] h
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K1=K (I)
M(I,K1)=J
GO TO 4
5 IF(I-NSYM)2,6,2
6 K(I+1)=K(I+1)+1
K1=K (I+1)
M(I+1,K1)=J
2 CONTINUE
4"  .CONTINUE
NSYM=NSYM+1
 RETURN- ' —
- END v o
I
SUBROUTINE SPT (KO,K1,N, M) RENY
. )
A LINE FI@E CONCISTING OF N GROUPS OF DATA WITH M. LINES
EACH IS REORGANISED SO THE FIRST LINE FROM GROUP 1 1s
FOQLLOWED BY THE FIRST LINE FROM GROUP 2 ETC. . )
KQ, IS THE FILE NUMBER FOR INPUT AND OOUTPUT. ’ R ¢
52 CHARACTERS ARE RFAD FROM EACH LINE. . & ., .
FROM FILE K1 52 CHARACTERS ARE ALSO RESD AND o
LISTED IN FILE KO, AND' IN THE SAME OEDER AS IN. K1 ) ,
STARTING IN LINE 1, FORMAT (60X,12A4), SO THE FORMAT:- o
| ‘O¥é§aLINE OUTEUT ‘IS "(43A4,8X,13A4), . ’
LS Copre o

ON K (4000, 13), T (20)

R

IND K1 - . N L C . o S
= DO 1 I=1,NM i e : :
1 READ (KO, 100) (K (I,J) ,d=1,13)

REHIND KO - .

DO 3 J=1,M

‘DO 2 I=1,N - L o

IF(N.LE.20) READ(K1,100) (T (KK) ,KK=1,13) : e e

IF(N.GTQZObHRITE(KO,1O3)(K(J¥M*(I-1i,L),L=1,13) s .
2 - IF;N.LE.20)HRITB(K0,102)(T(L;,L=1,13),(K(Jé%*(1-1;,xx;,xx=1;13;
WRIT£(K0,1O11

- X :
‘CONTINUE - Gﬁr \

aOoo-

100  FORMAT (2014) @

101 FORMAT (///) S

192" FORMAT (1344, 8X,1344) x

103 FORMAT (60X, 13A4) EaN
RETURN . =
END - ,
\ _ i ‘ ’ : ]
SUBROUTiyE TIMEP (NN,J4,LS,SDDEL, RDPS, SSDEL; TPS,DTS)"
SUBROUTINE CALCULATES TIME AND ITS FIRST DERIVATIVE BY
INTERPOLATION OF TRAVEL TIME DATA HELD IN MATRIX T.
NN = NUMBER OF STATIONS., < o



’,q‘;Jn = NUMBER OF DISTANCE ENTRIES 1: TABLE. »
© LS .= INITIAL DISTANCE IN TABLE IN DEGREES. .
L ‘smeLQ . DISTANCE INCREMENT IN TRAYRL TIME TABLE. =«

RDPS = DEPTH OF FOCUS.
. SSDEL = ARRAY OF NN CISTANCES IN DEGREES.

TPS, DTS = INTERPOLATED TJMES AND DERIVATIVES FOR NN STATIONS

oNsNeEe N M ale!

DIMENSION SSDEL (200),TPS (¥.0),DTS (200)
COMMON T (14,201),IDEPS (14)
N=0
1 N=N+1
IF(N.GT.NN) RETURN ' -
DIST=SSDEL(N) /SDDEL+1,0~FLOAT (LS) Fa,
J=DIST )
: MSDEP=RDPS
C CHECK IF PHASE EXISTS AT DISTANCE CALCULATED.
IF(JM-J)15,15,3
IF(SSDEL (N-FLOAT (LS)) 15,4,4
"IP(IDEPS (14-MSDEP) 15,5,5 .
po 7 M=2,14 ‘ /
Fggn 'DEPTH INDEX, I. - —
I=M-1 v ’
IF (IDEPS (M-MSDEP) 7, 6 6 )
6 GO TO 8 '
7 CONTINUE : . T
8 CONTINUE #
IF(T(I,J).EQ.C.) GO TO 15
IF(T(I+1,J).EQ.0.) GO TO 15 wa.
IP(T (I, J+1).EQ 0.) GO TO 18:.
IF(T(I+1,J+1).EQ.0.) GO TO ‘¥
TDB=T (I+1,J-T(I,Jd) . i
TDC=T (I41,J+¢1-T(I,J+1)
D=FLOAT (MSDEP- IDEPS(I))/(FLOAT(IDEFS(I+1 IDEPS (I)))
TB=T (I,J) +TDB¥D .
TC=T (I,J#+ 1) +TDC*D
DJ=SSDEL (N-FLOAT (J-1+LS) *SDDEL
DS=DJ/SDDEL ' P
: TPS (N)=TB+ (T/C-TB) *DS ' .
N ‘CALCULATE DERIVATIVE OF TIME UITH RESPECT TO DISTANCE.
IF(J-1)16,16,9 . - -
9 IFP(JN-J-1)16,16,10 _ o .
10 IF(T(I,J-1))16,16,11 " SR
11 IF(T(I+1,J%]))16,16,12 L :
12 IF(T(I,J+2))16,16,13 SR A
T8, IF(T(I+¢1,J+2)) 16,16,14 N .
14 TDA=T(I+1,J- -T(Egd=
- TDD=T (I41,J42-T ( .
TA=T (I,J-1) +TDA*D L
TD=T(I,J+2) +TDD*D ' g '
“TPR=TA+ (TE-TA) *DS
TPT=TC+ (TD-TC) *DS
‘DTS (N) = .5 * (TPT-TPR) / SDDEL
GO TO 17
15 TPS(N) %“0.0x

/o

0 & w

)

i

-




16 DTS (N)
17 GO TO 1
END

2.0
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