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Since lhene is no: direct method to dmm the interior Oftljn ﬁtth, the- uhmic mvel
-mdad Bt uumological observatones are the anly sburce of the more reliably establivhed
qmmhative information™ about the Earth's interior. To_date, most of ‘the more procrséw

. determined mﬁrmauon has ‘come from travél-time tables’ ‘which give, for various sejitnic:
'phtm, the trapsit times along. thq correspondmg Tays in terma “of distances (genenﬂy
angular dxstances) travdled. _ - o B .
" The eomptae study- of the constructfon of “Seismic" Travei-’l‘:me '!‘ables‘ is & very
long projéct. “The various partd of this’ project have ‘beeti divided in three parts, viz.
Pirt I-Evoliition, Part II-Methods (used in the analysis of residuals) and Part II I-Reg:onll
travel-time tables. Materials pertaining to Part I are presented in this paper.
. , .

The Early Dcvclopnult- '

- During ‘the years 1900-1906, the trwel-limel of P and S waves covering epmntral
duwmes upte - 967 were published by Oldham, Milne, Bendorf and others (Bullen, 1967 &
and Lehmann, 1967). Zoppritz (1907) from & study of three well recorded earthquakes,
gave a new set of travel-time tables for the main-and udditional phasei.. These were the best
svailable tables in those days, In 19§2, Z&ppritz and his fellow workers made some minor
adjustmenits to the times by studying the variation of amplivide with distance. These times
were extrapolated by Zoppritz to 117° epitentral distance and were Jater reduced to tables by
H. H._ Turner and further extrapolated to 150° epicentral distance. These tables were ado-
~ pted for use in mmpxling the Intenational Seismolognc:l Summary (1.8.8.) for eaﬂhquakeu
'durmg the period 1918-1929, and were calied Zoppntz Turner tables {Z—T Tables).

¢ In the mean time two important ducwenu were made on the seismograma, A,

_“Mohommic in 1910, found at epicentral distances between 300 Km and 700 Km' two sets
-of P phases . having dwesgmg time .curves and explained this due to.an abrupt increase of-
_wave veiocuyat the bettom of the crust. He constructed. travel-ume tables. for P and . § in
. 1814 for greater distances and improved his ‘tables in 1921 'by adding morfe data (Jeflreys,
}470).. The second. important dircovery-was made by Oldbam {1906); - when he found late
.arti wals of P near the anticentre, while analysing the seismograms of 1897 Assam earthquake
“and this, he explamed was due to the drop of P velocily in the central core and thus forming
i skindow zone, The ubinistakable” shadow zone’ ‘and focal zone eﬂ‘ects on’ the side of the A
" Earth opposite 10 the earthquake. focus indicate the presence of a core or a nucteus in the
ﬁaﬂh which refracts the energy of the cnthq\ua}e waves. Gutenberg 0914) made a precise
. _;_dﬂermmauon of the depth of core, . by audymg lhe tga,vgl-umes of the core influenced phases, .
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to be 2900Km. Later the-more elabdrate- work of ~ Jeffreys revéled ‘the.depth of core to be

2898+4 Km. - .Ju 1928, Gutenberg published a chart  of trayei-time curves of the various
seismic phases (Macelwane, 193b).

Turner (1922) discovered the existence of deep focus earthquakes during the compilation
of 1.5.5. Before this, it was a practice to assume that earthquakes originate at a!mbst the:
same shallow depth and therefore wrong allowance for the depth of focus was made.
Wadati, during'‘the period 1927-1931, made convincing efforts to establish that the earthqua-.
kes occur at varying depths, In 1931, Scrase identified. the-various additional phases of deep
focues earthquakes on the seismograms. Wadati and his coworkers, during 1933-1934, pube
lished tables of the main and additinnal phases for various depths of focus. In $937,
Macelwane and Dahm made a new set of iravel-time tables from a study of three well recor-
ded normal earthquakes. In twentiet, many sets of travel-time tables were published by .
using a few earthquakes by Augenheister-and Visser & Hecker ; ; while Krumbach composed:
a set of tables by forming the means of the times as given by the then existing tables.. 1his
could not be accepted because of the different base-lines chosen in different ,tablu
‘(Lehmann, 1967).

The Jeffreys—Bullen Travel-Time Tables of 1940

Jeffreys (1936) pointed out that the preparation of travel-time tables is not an edsy task
and : travel-times for the various phases are obtained only afier recalculating the various
pararheters of each earthquake with reference to a trialtable. - The final constiruction of
travel-time tables is, therefore, done only by successive approximation. Systematic work
leading to the construction of new and effective travel-time tables was undertaken in the
" thirties. The Z-T tables were found to contain serious anomalies by Turner ( 926) because
his analysis showed a systematic variation of the residuals.. The means of the residuails varied
with distance by about 20 s for P and 30 s for S.

The Jeﬁ'reys-Bullen travel-time tables of 1940 (]1.B. tab!es) were designed to produce the
most probable travel-times for an ‘average’ earlhquake T hese were published in 1935 in its

first recognised form. The observations were taken mosily from the I1.5.8. (Jeffreys &
Bullen, 1935).

In the thirties, Gutenberg and Richeer also made an extensive study of travel-times and
" the velocity distiibution of vaiious seismic phases, including the ones which travel deepinto
‘the interior of the Earth. They published a series of. papers under the headmg *On Seismic
‘Waves” (Gutenberg & Richter 1934, 1935, 1936 and 1939). Gutenberg and Richter (1933)

pointed out the effect of ihp eihpttcuy of the Earth and Bullen (1937) calculated the ellipticity
‘corrections,

Miss Lehmann, in the mean ume, gave a atrong evidence about the existence. of an inner
core {Lehmann, 1936},

The J.B. tables were updated by making ellipticity correction and adding more data,
The velocity' distribution in the core was found afresh ( Jeffieys, 1939 b, ¢ and d) and the
- final form of the J.B. tables, giving times for various phases, were published in 1940. Thoro-
ugh stausucal‘promdu: €8 were used t6 get 1esults lor an “average’ earthquake: “lhe tables
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~ relate to a spherically symmetrical Earth modél which is defiied so that each internal spheri-
cal surface of constant P and'S velocity encloses the same volume as-in the actual Barth.
The tables correspond to an ‘average’ earthquake. The regional effects were not taken into
consideration while making these 1ables. It took about a decade to achieve the final form of
the J.B. tables. Since then these tables are in' constant use for compilation of data at the
1.8.S., which has now been renamed as Internationa] Seismological Centre (1.S.C.) (infact
J-B. tables were in use from 1930 onwards at 1.5.8. in provisional forms). '

. The J.B. tables ( Jeffreys & Bullen, 194n) and Gutenberg and Richter tables (Guteni:erg
& Richter, 1939) agree fairly well except for the short distances.

The iateral inhomogeneities of the Earth’s crust and the upper mantle are supposed to be
the main cause for correction needed to J.B. iables at short distances. This was pointed out
by Jeffreys (1939 b) in his prophetic statement, *......... further development is unlikely to
lead to the substitution of any single set of 1ables for the present ones. Tt is more likely to
~ lead to the introduction of minor correction, not always with the same sign, that can be
applied to the piesent tables in specified circumstances”. Infact, itis still a fairly accurate
~ statement because no new travel-time tables have so far been constructed for an ‘average'
earthquake which do not make room for regional variations.

" Regional Travel-Time Tables

Looking critically, at the data used in the preparation of the J.B. tables, one finds that at
small distances the Japanese earthquakes, at intermediate distances the European-earthquakes
and at large distances the American and a few European earthquakes were used for giving
the times upto 105° epicentral distances. A similar treatment was made in finding S-times.
Thus, the uneven distribution-of selected events makes the J.B. tables look more like a patch-
work quilt than a world average. ‘

As soon as the J.B. Tables were published, the regional differences became evident and
the consensus of seismologists agreed with Sir Harold Jeffreys's statement of 1939. One
of the main reasons for regional differences is the assumption in the J.B. tables that the
~ upper.mantle does not vary much from place to place. In the J.B. tables, the Pn velocity,

the velocity of P at the base of the crustal layers, was 7.75 Km/sec, corresponding to dt/da
‘= 14.3 sec/deg at zero degree epicentral distance.  As pointed out earlier, the Japanese
earthquakes were used at short distances, this value of dt/d A, therefore, represents only that
region. For other regions the value of di/dA is less than this value (Jeffieys, 1970).

The advent of the use of nuclear explosions as controlled experiments, contributed sub-
stantially in the study of travel-times of the various earthquake phases: In explosions, the
shot time and location of the source are known to a high degree of precision. Though the
depth of the source is not appreciable yet this small depth is even known to make an allowance
for the effects of superficial layer. ‘The explosions, if available, are, therefore, generally
more suitable for travel time siudies of a particular region than the earthquakes. In July 1946,
an underwater explosion was carried out near Bikini atoll: For the first time, the infermation
on the shot time and thé location of th source were made available to seismologists. The
P times were recordeéd-upto 80° epicentral distances and showed that- these times were



kxmmmwmdmwmg@m - The difference-was attributed to the,
- Stineciyre: bencath: the. sowrce.  Similar. aarly, arrivals were reported by Guiepberg, in 1953

- fxomo - Pagific: nuclear. .explosions. . Fram a:study of the hydrogen homb explosion of 1954
‘nany Bikini, Burke-Gaflney and Bullen concluded severa) important seismological inferences
.and : most notable- of these being the firm existence of early P arrivals at epicentral distances .-
bstween 137°- and 142° (diffrncted P.) The. cxistence of these_ arrivals has thrown miore .-
light on the inner core boundary (Bullen; 1967 b), o . R

- Joffeys made saveral special studies of the travel times for distances upto. 80°. From an’

explosion study, Jeffreys (1947) found a sharp bend in P travel-time curve at 15° epicentral
distance indicating a shift in 20°-discontinuity. He also found high Pn- velocily for Europe.
This result was confirmed by Wilmore (1949) ind many othérs, . Pn velocities betwean 8.0
kdv/sec and 8.2 kmjsec corresponding. to dt/dA between 13,8 sec/deg and 13.5 sec/deg for
Europe were reported-in different studies (Gutenberg, 1959), SR K

[

. At the same:time, eﬁa..&aariaﬁnn in $n velocities confirm the systematic difference from the
J:B. tables elsewhere in the world, - The Table 1 summarises the various siudies made by
Jeffreys for P & 8 for the different regions. ’ '

"Table 11 Pand $ Velocities in Different Regions (after Jeffreys, 1976)

5 e — s e—
dyjda Velotity . dtfdd ~ ©  Velocity
JBA1940) - . 1408 - - 780 . 2509 4,29
Burope | 13.66 +0.07° 8.140% 0.041 2428 £ 0:I5 4.576 4 9.928
~ Central Asia 1364 £0.10 8146 10060 2411+ 015 4.608 4 0,018
" West North-America 13.95 + 0.16 7.966 + 0.091 =~ — , -
East North-America - 13.59 + 0.10 8,176 & 0.060  23.66 + 0.017 4.969 4+ 0.033
Picific _ 13654 £ 004 .- -~ -
Japan = - . 1413 1004 78T £ 0024 0 2541 + 000  4.373 + 0.084

- These values are the averages between 2° and 19° epicentral distances, The table com-

piled by Jeffreys (1970) has been reproduced here in order to emphasise the existence of

regional differences. - The world wide recogaition of regional differences makes it essential to

construct the travel-time tables for the various seismic phases for the major seismic regions.

However, at present, owiig to the poor distribiition: and 1éss number of seismic observetories,
it may not be péssible to make new tables with any authority for all seismic regions, .

The travel-time tables for. selected stations. were-constructed by Bath. (1947, Sornes &
‘Sindre {(1963) and Enayatollah (1972) among many others._ The correction to.the J.B. tables
were faind for.different .regions by Jeffreys (1954), Carder and Bailey.(1958), Kondorskaya, .
+(1959),.Gogna (1967) and Kaila e« al. (1968)... They used different materials and methods in
their studies.  The comprehensive-work of Carder & Bailey (1958).containing information on
travel-times from more than ope thousand seismic Fecords of nuclear- explosions pointed. the
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ways to corrections needed to the J.B. tables. The precise work of Husebye (1965) determined
the needed corrections to the ].B. tables in a better manner by dividing the deviations
between the observed travel-times and thosc calculated from the J.B. tables into a station and
an epicentre corrections. Regional differences in P travel-times across the United Sishes

were found large enough to affect seriously the determination of epicentres by the usual
routine method. ‘

Gutenberg (1953 and 1954), with the help of a number of studies gave strong evidences
about the existence of Jow velocity Jayers both in the crust and the upper mantle. At present,
his hypothesis has got substantial support from a number of studies conducted by using
different geophysical methods and from the study of dispersion of surface waves,

Delays in the arrival times of P have been ruporied by Herrin (1957), Barr & Robson
(1963) and Press and Beihler (1964). Jeffreys (.954), Cleaiy & Hales (1966), Bolt & Nuttli
(1966} and others obtained earlier arrivals than predicted by the J.B. tables.

With the above results and other works as reviewed by Nuttli (1963) and Herrin (1967)
in mind, a few leading seismologists, mostly from the United States, taking note of the use of
nuclear explosions and the vast improvement in the instrumentation during the last three
decades and a substantial increase in the number of observatories distributed nearly uniformly
over the whole Earth, decided to reconstruct a new set of tables of P for intermediate and
large distances. They published a new set of P travel-time tables for epicentral distances
greater than 20° alongwith the times of other P phases influenced b_ the cote (Hcrrin et al.
1968). Because of regional differences, they did not iry to make world ‘average’ tables for
shorter distances. Method of the analysis of the residuals differed. Tley determined means
of residuals for 1° cells and then determined siation corrections from the residual deviations.
The iteralive technique was applied using the data recorded at 300 stalions recording 400
earthquakes and 30 explosions. They fuund the times of P with a standard error of about,
13 as compared to the standard error of 2s in the J.B. tables. This result verifies that it
is very difficult to achieve a higher accuracy for the world average iravel-time tables. In
1971, Randaill prepared the tables for S taking the same earthquakes and the crust & upper
mantle model as used in the preparation of Herrin et al (1968) seismological tables.

After the firm establishment of the existence of an inner core in 19%4 from hydrogen
bomb explosion siudies (Burke-Gaffney & Bellen, 1957), Bolt made a series of efforts to
bring out a true piciure of the core from the study of first arrivals through the core (PKP)
(Bolt 1959, 1965 and 1968). Bolt (1968) published his finally revised travel-time tables for

PKP. In his work of 1965, Bolt remarked that the further revision of PKP was not
desirable,

Aims of the Present Study

The Indian region has not yet been studied in detail. The firm existence of regional
differences 1m:akes it desirable to make a new set of travel-time 1ables for serious seismological
studies of this region. The aim of the present study is, therefore, 1o analyse the travel-times
of the two main body waves, viz. longitudival & transverse waves, generated by the earth-
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qudkes orginating in Indih and récorded athéar ‘and far ‘stations, to give: & new set of
travel-timés for the Indian region. The S-typé waves through the core (SKS), could not be
stu£1éd due to the lack of good obiservatioiis, For this puipose, the deep focus earthquakes
are selected from 1.8.S. and 1.8.C. bulletins.” : fe e

Reasons for Using Deep Focus Earthquallel & Bulletin Readings
(:) Deepfocm eaﬂhguakes S R _ o SRR

.. While.:, analysing . the no;mql qq:thquakes, om, encountm w;th fel‘tlm q;gp;ﬁn;anx
dnﬂ'iculues, which are not faced in the case of degep focus earthquakep First and quite
foremost problem one faces with the normal earthquakes is about the recording of the bodily
wave phases on the seismograms. In deep focus. earthquakes these phases..appear sharper .
and the seismograms are: free from the disturbance of surface waves,, The advantage of
using deep focus was first noticed by Zappritz in. 1912, Gutenberg and . Richter (1939)
emphasised further the importance of deep focus earthquakes when they used data from such
earthquakes to ‘give times for S phases. - Jeffreys (1933) uséd: five deep focus earthquakes for -
his study of body waves and noticed soime of the advantages of deep focus earthquakes over ;
shallow focus ones. Later, Jeffreys (1939 a): uudied some-Japanese deep focus earthquakes
and obtained much better results. He vemarked, “It has appeared that snalysis of readings
in"deep focus earthquakées may help ‘to answer a number of questions' that can not be
adéqualely treated'from niormal eatthiqualies' alone®. Jeffreys (1989 d) has given compiete
descnphon of deep focus earthquakes. The'deep focus earthqua%bs are patticulatly useful
in 1h€ study of S-phase because in shallow 'fotus earthqudkes, the :cbsérvations ‘of S are
generaliy diséributed quite ‘evenly over 20s or more at short and intermediate distances.: In
case of P also ope finds a bétter estimate of the sthnd'ard deviation of one observation fbr
deep focus eventa than for the shallow focus ones (Amo!d 1965) B

" 'The most significant problein one f'aoes with the normal earthquakes it to:-account. for &he
d‘epth of focus. " In the preparation of J.B: tables, the avérage depth of focus was taken to be
10 k. ‘This arsumption is one of the reasons for the ‘ahomalies present; inj the J.Bi tables.
It is difficult to estimaté the standard etrorih the depth guile accuriately in normal earth-
quakes, because it is very difficult to separate the errors from that in the origin time while
recalcylating  the parameteis (Jeﬂ'feys, 1966). It is easy'to akcdttt'for the degith, it tase of
’well recorded deep focus earthqtiakes 'For' deep focus éhithquakés itiis' quite common to
'have the estzmate ‘of the standar’d erroi less’ thah"O 00t R (R being the radius ofithe Enrth

-from the qu.l,re to the Mohorov:c:c d:scontmully) ]n deep l‘ocus earthquakes, the vanaubn
. of di/dA with depth at a given distance is cons:derab]e 50 as to enz.ble us to build u?) a
surface focus table by adding surface times for ascending and descending rays for the same
di/dA.- The normal earthquakes do not give sufficient opportunities to check the existence

of a possible low velocity layer (Gutenberg, 1953). But in cat¥'bf dép™ fodusd watthquakés,
‘one can compare times from these above, in.and. below the possibie low velocity layer.
‘Jeffreys has found that for-rays originating in a Jew velogity- layer, the times for intermediate
distance will ‘be delayed compared to-large and small distancesthan in case of. focii above
and below { Jeffreys 1962). ‘This is becausé vays leaving she fucus herizontally have to travel
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a greater distance in a deeper lnyer before reaching thesuxfaca, whereas.ip the surface focus
dase: mo: say canexist:with its deepest point in tbe layer; Some of the deep focus earthquakes
having depth less than 0 01 R have a very geod sesies of both P and S, observations at_almost
all distances. :

Most of the workers used normal earthquakes in their study either for ﬁnding corrections
to the J.B. tables or for finding tables for separate regions but could not meet with tha destmed
success.  Arnold . (1868),  working upder, the supervision: of Sir Harold Jeffreys, modified
Jeffreys’s Japan times of 1954 by using deep focus earthquakes, It is ev:dent that the use of
data from deep focus edrthquakes would lead to more precise determination of travel-times.

- 1 the light' of all thebe; i1 was decidéd ‘o concentrate on deep' fucus! earthquakes: Tor' the
present study. . T .

(;l) i Bufl;iie.reae';'nés ’ o ' S Do A

Jefireys (1970) palls the r ading ¢ of gll the se:sm 3 9!‘ an earth - ake b.y a}; ipd vidual
as the ‘special study’. Most Cpf the real advances mqgn?:olo}g; have B?:n made by imkmg

‘special stidies’. 'Others Hdve used the routine obstrvations compiled By 1.8.5. or 1.5.C.

The standard deviation of one observation remains essentially the eeme, no matter
whosoever reads.thé seismograms. #nd the error is' .pirbably due td the amali varistions
in the Earth’s structure and not the observer. There are two cbvious advantages in using
18.8. or L1.8.C. data over the ‘special study’. The first advantage is that the most , Iqhonous
part of the work, the readmg of the records and the computation of apprq,xunm pa.rpmeterl
of earthguakep, have already been done by the observatory and the 1.8.S, staff. honsequently
it is possible 1o use several earthquakes in the study and test the results for consigtency i a
time that would hardly suffice for one earthquake in'd apecnil ‘Hudy’ The seond advantage
it that thie routine observations are made in most dispassionate- manxser and in ‘spacial studies’,
the observer has in mind what he wants to see and'the temptation to see is great. | Due to this
reason, some seismologists believe that the study based on the rautine observations, is much

more reliable than the one made from a ‘special etqdy . 1 N

. The methods and tephmqiues used in the analysis of resxduals for conetrucung th.e eeumic
travel-time tables. heve! }been deseribed in Part 11 aj;.;} }he reluus pf dus study i.e. the travels
time tables for the Indian region have been presented ina conc:se form in Part IIL Perts I1
and 111 are being publised elsewhere, b : oo

Concinding Remaarks . ‘ P , L TR

The teed fér preparinga~’separate set of travel-time tables ibr -the. prommeut seismic
\Tases for the Indian region has been stressed.. In order, ta, achieve-the desired accuracy, in
the construction of these tables for the Indian region, the evo]utlon of the construction of such
tables for the world-wide average earthquake has been presented in th:s paper. Further
chifical 'veviews ‘6F thé woiks done for' conittucting travel-time tables for ‘an ‘sverage’
earthquake by various authors, from time to time, have cleatly brought 6dt ‘the fact
.thay. the sound statistical techniques employed for: preparing & set. of }regionet trayel=timie tabies
for the. prominent, seismic phases yield more accurate results, . Further, the. use of deep
focus earthquakes provides the opporinily to employ pP phase in determining the allowances
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for ibcal depths. This alloﬁvamfmaku‘tﬁﬁ*éhﬁ“wdk miote m‘lﬁﬁc and analysis.of residuals:

fets “fair ‘treatment. Simila#ly the advaidtages in: wdumg lhe butium reasdmgs mntﬁad af
thakitig'a ‘special study" sre’ a!wbtbugh! -eutelearly. - ... :
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