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ABSTRACT 

By using a large number of LRSM stations and a number 

of earthquakes from all azimuths and the well-controlled 

nuclear explosions, a study of the "P" travel-time curve 

reveals it to be nearly a series of straight-lines or legs 

throughout the total distance of about 105°. Time as well 

as amplitude residuals were determined for the stations 

used and were found to be acceptably consistent. Analysis 

of the variance of the several modes of handling the data 

of each leg is shown which is significant in indicating the 

relative probability of each model as an explanation of the 

observed data. The "F" statistic value, degrees of freedom, 

etc. are shown for each leg. The existence of real diff¬ 

erences in "P" travel-times and thus of mantle velocity 

structure are illustrated indicating tnat the velocity 

varies as a function of azimuth. 

The very close correlation between site geology and 

average noise level on signal amplitude is discussed as 

well as this effect on magnitude calculations. 

In addition, a computed "B-factor" curve developed from 

this study is compared with Gutenberg's and one by Clawson 

of Geotech. 
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INTRODUCTION 

There have been several procedures followed in investiga¬ 

tions of the P travel-time curve. Gutenberg located numerous 

earthquakes by various techniques and plotted measured P phases 

for all earthquakes on one travel-time-versas-distance figure. 

He drew what seemed to be the best mean curva or curves through 

the somewhat scattered data. Jeffreys applied statistical 

theories to fundamentally the same approach^ deriving a travel¬ 

time curve nearly identical to that of Gutenberg when using 

data of the same type and quality. Jeffreys' approach to 

generation of travel-time curves has been extensively elaborated 

upon by later investigators, reaching its culmination in recently 

reported work of Herrin. The travel-time curve published by 

Jeffreys-Bullen is a curve having no near-discontinuities over 

the epicentral distances from 0 to 105°. Extensive work by 

several investigators has made it clear that the P travel-time 

curve in the distance range 0 to 20° is highly variable over 

the earth and, in any region, is composed of a series of 

essentially straight line segments. Herrin, in his most 

recent work, has recognized this fact and, while publishing 

a travel-time curve for the distance range 0 to 20°, makes 

it clear that regional and near-regional travel-time curves 

must be devloped locally and that one cannot use a standard 

worldwide travel-time curve for locating seismic events when 

using regional and near-regional data. Herrin's teleseismic 

travel-time curve, though significantly different from that 

of Jeffreys-Bullen, also has no near-discontinuities present. 

A basically different approach to investigation of the 

P travel-time curve is to limit each study to data oi a 

single large earthquake or explosion. If this is done and 



the data are analyzed azimuthally, the result is that the 

travel-time curve appears to be a series of straight lines, 

even at long teleseismic distances. Carder has persisted 

in such assertions for many years. 

Extensive investigations of teleseismic data for numer¬ 

ous explosions at the Nevada Test Site (NTS) make it abso¬ 

lutely certain that the travel-time curve is a series of 

nearly straight line segments to a least 35°. Anderson and 

others have reported on this character and have used these 

data to demonstrate the existence of at least second order 

discontinuities in earth properties at depths of approximately 

400 and 800 kilometers. 

Historically, the two approaches of statistical treat¬ 

ment of data of many events versus detailed treatment of 

the data of a single event have proceeded in parallel. 

Those doing the statistical investigations have asserted 

that the existence of straight line segments could not be 

shown to be statistically necessary and that available 

travel-time data could not discriminate between the 

relative merit of the two types of travel-time curves. It 

is also relevant that the implications about mantle struc¬ 

ture which follow from a travel-time curve composed of 

near-straight line segments are of such nature and possible 

complexity that one would rather not address the problem 

unless absolutely necessary. The result has been that the 

apparently clear demonstration of the nature of the travel¬ 

time curve derivable from individual events has been largely 

ignored by the geophysical community in favor of accepting 

the conclusions of the massive statistical data treatment. 

It is extremely important to determine which of these two 

types of travel-time curve best relates to the actual 

conditions within the mantle of the earth. It makes little 

2- 



difference in the location of events, but it is profoundly 

significant relative to our understanding of the structure 

or the earth s mantle, in addition, there is high proba¬ 

bility that the massive data treatment technique is effec¬ 

tively obscuring regional variations in mantle velocity 

structure. 

The basic intent of this investigation is to strive 

for an optimum mix of seismological perception and statis¬ 

tical treatment in order to acertain which curve best 

describes the actual situation. In other words, the intent 

is to bring together the two modes of investigation followed 

for some decades into a single technique and to determine 

whether a further level of refinement and understanding of 

earth structure can be achieved. The shortcoming of an 

approach such as that of Herrin's is indicated by the high 

standard deviation of the observational data from his travel¬ 

time curve, even after applying station correction factors. 

The heterogeneities in the earth's crust, which have been 

demonstrated in earlier work, and the heterogeneities within 

the mantle, which will be here demonstrated to exist, are 

of such magnitude that a massive treatment of the total data 

of many earthquakes and explosions can only hope to get 

statistically close to the mean shape of the P travel-time 

curve. Such an approach cannot hope to ascertain the 

detailed shape and variations of the P travel-time curve. 

• 

TECHNIQUE OF INVESTIGATION 

Our objective is to develop a technique of handling the 

data of many earthquakes and explosions which will eliminate 

the fundamental problems associated with treatments such as 

that of Jeffreys and Herrin. The approach followed has been 

to use the Long Range Seismic Measurement (LRSM) vans of the 



VELA-UNIFORM research program as elements of a large US-wide 

array. The use of such data was dictated by the unusually 

high quality of these stations. Earthquakes were investigated 

which occurred during the time period when approximately 40 

LRSM vans were widely distributed in an essentially fixed 

pattern over the US. An aperture of 2000 kilometers or more 

was available for each earthquake or explosion investigated. 

By limiting data used to that obtained within the US or the 

southern edge of Canada, errors in epicenter location, depth, 

and origin time would little affect an investigation of the 

shape of the P travel-time curve. Such errors would certainly 

affect the absolute value of travel-time but would not affect 

relative travel times to stations distributed in a small 

range of azimuth from the earthquake or explosion. A similar 

approach is being followed today by several investigators 

when determing values of dT/dA versus A from Large Aperture 

Seismic Array (LASA) data. Rdwever, the problem with LASA- 

based investigations is that the aperture used is so small 

that one may be led to attach worldwide significance to 

variation in dT/dA measurements which are simply a function 

of local structure in the vicinity of LASA. By use of large 

apertures, this factor hopefully will be eliminated and more 

valid estimates of dT/dA variations will result. The proce¬ 

dure followed was to: 

a. Select a period of time when the LRSM vans were 

fully deployed across the US and were in a stable config¬ 

uration (June 1963 - December 1964). 

b. Search the entire file of LRSM data to find events 

with reasonably clear P phase starts as recorded in the US. 

The selection of earthquakes used was based upon this P phase 

criterion. 

c. Select events at as many azimuths and distances from 

-4- 



the US as possible in order to allow investigation of the 

shape of the travel-time curve at all P range distances and 

as a function of azimuth of arrival. The large aperture 

employed insured extensive overlap of travel-time segments 

from earthquake to earthquake as mean epicentral distances 

of the earthquakes increased. Data of several earthquakes 

and explosions were plotted with the intent of determining 
2 2 

the points of high d T/dA . It was clear in this phase of 

the investigation that the travel-time curve was much more 

nearly a series of straight lines than any travel-time curve 

as yet publishied. 

d. The data of each segment of the travel-time curve, 

segments of the travel-time curve being those portions be- 
2 2 

tween regions of high d T/dA , were then investigated for 

curvature. 

e. By usfc of available explosions data, surface focus 

travel-time curves were generated for the full P range dis¬ 

tance. 

f. Amplitude data of the same events were analyzed in 

a similar manner. 

In order to merge the data of numerous events observed 

at numerous stations in the manner desired, both station 

correction factors and event intercept factors must be 

statistically estimated. A digital program was written which, 

given a body of travel-time data from numerous events ob¬ 

served by a fixed set of stations over a designated epi¬ 

central distance, would determine in the least squares 

sense the slope of the travel-time curve, individual station 

corrections factors, and event intercept factors. The 

pertinent equation is: 

a. + bk A + si for station i, event j, and leg k. 



Th« data of each leg of the travel-tine curve were analyzed 

by use of this program. Only data fron the western US (WUS) 

were analyzed in this manner as available data from the 

eastern US (EUS) were inadequate to allow valid operation of 

the matrix inversions involved in the computer program. 

Station correction factors determined from this program varied 

fron leg to leg for each station. However, no clearly demon¬ 

strable patterns of systematic change as a function of 

distance was evident. Therefore, it was concluded that the 

best estimate we could make of station correction factors 

was to average the values determined for each leg, taking 

account of the quantity of data available for each leg. 

Another progran was written which applied a given set of 

station correction factors to the travel-time data and 

estimated in a least squares sense the event intercept factors 

(a^) and the coefficients of the travel-time curve (bk) that 

best fitted the total data of each leg. With data from the 

EUS now included in the analysis, operation of the program 

was iterative as improved estimates of station correction 

factors were obtained. The criterion used for establishing 

final values of the station correction factors was that the 

mean residual over all legs of the travel-time curve for each 

station was essentially zero. Observed travel times were 

corrected for ellipticity and elevation of the stations to 

reduce the travel-time curve to that for the mean earth sphere. 

Thus, the station correction factors determined are due to 

crustal or mantle inhomogeneities below the stations. The 

following models were investigated for each leg of the travel¬ 

time curve: 

a. t * a + b A 

b. t ■ a + b A + cA^ 
3 

c. t“a+bA+dA 

-6- 



RESULTS OF ANALYSIS 

Tabl« 1 presents the list of events studied and Figure 1 

shows their location relative to the US. Table 2 indicates 

^ the LRSM stations employed in the investigation. These 

stations were so widespread and on such various rock types 

^ that an excellent opportunity was afforded for evaluating 

influence and relation of geology, geography, and noise level 

to time of arrival and amplitude of recorded signals. Table 3 

is a tabulation of the station time anomalies determined by 

the procedures outlined above. These quantities vary from 

-1.o? seconds to +0.44 seconda. Figure 2 indicates the 

correlations between station location and measured time 

anomalies. In the WUS there is close correlation between the 

level of 1 second Rayleigh wave microseiams and computed 

station travel-time anomalies for P waves. Thus, the stations 

having noise levels between 0 and 5 millimicrons (HL-ID, WI-NV, 

MN-NV, EK-NV, CU-NV, KN-UT, and LC-NM) have a mean time 

anomaly of +.1 seconds, varying from -.1 to +.3. Stations 

with noise levels between 5 and 10 millimicrons (MV-CL, 

CP-CL, RT-NM, BX-UT, FR-MA, DU-OK, EB-MT, SK-TX, and RK-ON) 

have a mean time anomaly of -.5 seconds, varying from -.2 to 

-1.1 seconds. A similar correlation of noise level amplitude 

and P signal amplitude will be shown on page 27. It is clear 

that regional noise level measurements may be a much more 

subtle indication of crustal and upper mantle structure than 

we have realized previously. In such an interpretation, 

account must be taken of proximity to noise sources, etc. It 

should be pointed out that station correction or station 

travel-time anomalies of a second or more imply equivalent 

source correction factors relative to a mean worldwide 

travel-time curve. In most cases, available data are so 

limited that source anomalies cannot be accurately estimated. 

-7- 



It may wall be possible to improve our understanding of the 

phenomena controlling these source and correction factors 

and thus learn to employ a mean worldwide travel-time curve 

* in COnjunctioR with * inodel of the required source and sta¬ 
tion correction factors. 

Í ** body ot data waa Inva.tigatad in „varal 

ways. On. prooedur. was to use the data of all «vanta 

simultaneously for th. determination of single values of the 

b, o, and d parameters of the travel-time curve models while 

computing individual event factors a., in addition, the 

date of each event were analysed indsp.nd.ntly by the same 

travel-time curve models. Th. statistical results of such 

investigations are presented in th. next series of tables. 

Table 4 gives travel-time curve co.ffici.nt» and standard 

deviation of residuals when all data on each leg were treated 

simultaneously. The leg designations on all tables are the 

apparent surface velocity of the straight line model when 

using all data. Note that when using the travel-time 

criterion involving a 42 or 43 term, positive values of c 

and d were obtained for 3 segments of the travel-time curve. 

These values are guite certainly inadmissible. The lack of 

change in the standard deviation of residuals between th. 

i and 4 models ispli*. the total lack of significance of 

investigating both of these models. in the remainder of the 

investigation, only the 42 model is coneidered. 

Table 5 presents coefficient, of the travel-time curve 

and standard deviations when using all data recorded from 

earthquakes located to the northwest of the US. in this 

situation, only one segment of the travel-time curve is 

computed to have a positive b value. Table 6 presents a 

similar analysis for all data recorded from earthquake, 

located to the south of the US. Table 7 presents similar 
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coefficients when all data of two travel-time legs were fitted 

to one common equation^, Analysis of variance investigations 

indicated that in all cases there was low probability that the 

determined differences in standard deviation by the data han¬ 

dling techniques of Tables 3 and 7 were the result of random 

error. In all cases, the two-leg analysis was rejected. 

^ Analysis of the variance of the several modes of handling 

of the data of each leg is significant in indicating the 

relative probability of each model as an explanation of the 

observed data. Table 8 presents the results of such analysis. 

In that table the several modes of handling of the data are 

indicated as follows: 

a. "All (a + b A)" implies all data analyzed according 

to travel-time curve t = a + b A. 

• o 

b. "All (a + b A + cA )" implies all data analyzed 
2 

according to travel-time curve t*a+bA+cA . 

c. "E (a + b A)" implies data of each event analyzed 

according to travel-time curve t = a + b A. 

d. "E (a + b A + cA2 )" implies data of each event 
2 

analyzed according to travel-time curve t^a+bA+cA . 

The F statistic value, the degrees of freedom, and the 

resultant probability value are indicated in Table 8. Thus, 

• for the leg designated 12.5, there is only an 0.005 proba¬ 

bility that the decrease in standard deviation of residuals 

* when analyzed by E (a + b A), relative to that for all 

(a + b A + cA2), is to be explained by chance. There is only 

an 0.05 - 0.10 probability that the differences between the 

standard deviations for E (a + b A + cA2) and E (a + b A) are 

not real. A sumuary of Table 8 is presented in the tabulation 

below. In that tabulation, an arrow indicates that the modes 

of analysis to tne left of the arrow have a low (.10 or less) 
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probability of not being better nodes of analysis than those 

to the right of the arrows. A swung dash (~) between the synbols 

for two modes of analyzing the data implies greater than .10 

probability that the determined differences in values of standard 

deviation of residuals are the result of chance. 

Leg Designator 

12.5 E(a + b A + cA2)-*E (a + b A)♦All (A2)♦All (A) 

13.4 E(a + b A + cA2).(.15) E(a ♦ b A).A11 (A2)^A11 (A) 

14.5 E(a 4- b A -t cA2)~E(a + b A)^A11 (A2).All(A) 

16.3 E(A2).E(A).A11(A2)^A11(A) 

18.2 E(A2)^E(A).A11(A2)^A11(A) 

19.5 E(A2).(.15) All(A) 

22.0 E(A2).(.15) All(A2)♦All(A) 

24.4 E(A2).(.15) E(A)♦All(A2)♦All(A) 

Thus, on all of the travel-time curve segments, there is 

0.15 probability or less that the decrease in standard devia¬ 

tion resulting from individual event analysis relative to 

that for all event analysis occurs by chance. 

Table 9 indicates in a somewhat different form the same 

results. In that table, the values of standard deviation for 

single event analysis, as well as for all data analysis, are 

presented, single event data being presented only when four 

or more stations were present on a leg. The relevant equa¬ 

tion and mode of analysis are indicated in all columns. On 

Leg 12.5, while the standard deviation for all events analysed 

according to All(a + b A) was .345 seconds, individual event 

values of standard deviation were in general much smaller 

(.121, .140, .277, .373, and .221). Inspection of each 
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segment of the travel-time curve reveals a similar relation? 

ship between standard deviations for individual events and 

standard deviation for all data. The implication# of course# 

is that the mean slope for at least the shallower travel-time 

curve segments is variable. This point will be returned to 

shortly. Table 10 indicates the "All" and "Individual" Event 

values of the travel-time curve parameters. Note the highly 

erratic behavior of the "c" coefficient for Individual Event 

analysis. This variability is so high, both plus and minus 

values being obtained# that one would not feel justified 

today in attaching significance to the detailed values here 

determined. This high variability also suggests that some 

of the decrease in standard deviation observed between 
2 

E(a + b A) and E(a + b A + cA ) may not be as meaningful as 

regards nature of the travel-time curve as straight statis¬ 

tical analysis of Table 8 would suggest. 

Table 11 is a tabulation of the determined values of 
2 

the coefficient of A (c) listed in previous tablds. They 

are ordered so as to allow easier comparison of values 

determined with different data sets. It is uncertain 

whether much significance should be attached to a detailed 

comparison of these results. Thus# can one believe that# 

on Leg 13.4# the travel-time curve may have reversal of 

curvature depending upon the direction of arrival of the 

waves? Similarly, can one believe the relative Values 

obtained for northwest and south data on Leg 19.5? The 

determined values of c from leg to leg are quite variable. 

Using as basis of discussion the average of values deter¬ 

mined for northwest and south data# "c" values range from 

essentially zero on the 14.5 leg (+0.23 x 10“6) to -2.9 x 

10‘6 on the 16.3 leg. The mean value of ”c" for all legs 

is -1.37 x 10“6. 



Before proceeding to a discussion of the derived travel¬ 

time curve« we will demonstrate that slope differences as 

determined by using waves crossing the US in different direc¬ 

tions are« for some legs« distinctly different in a statisti¬ 

cal sense. The equation used for this investigation is the 

linear curve« i.e.« t ■ a + b Â. Table 12 presents the 

values of the "t" statistic and MPN resulting from straight¬ 

forward analysis of the data. 

There is very low probability that the mean slope of the 

12.5 leg is the same for waves propagating north and south 

relative to those propagating east and west. For the 13.4 

leg , the data indicate no statistically strong basis for 

assuming variations in mean velocity for north and south 

propagating waves. However« on the 14.5 leg« there is clear 

indication of different slope values« as there is also on 

the 18.2 leg. The limited data available for other path 

directions across the US (see Table 10 for data of Atlantic 

and Hawaiian earthquakes) supports the variability of 

velocity at this level in the mantle. Deeper legs show no 

strong evidence of differences in apparent velocity across 

the US. The apparent reality of the differences of slope 

on the 18.2 leg imply regional variations in velocity 

structure to depths of at least 1900 kilometers in the 

mantle (see Figure 11). 

J TRAVEL-TIME CURVES 

The generation of a travel-time curve from data such as 

these requires a step in analysis beyond that so far described. 

The nature of the data available required the estimation of 

the traval time for a surface focus event on several legs of 

the travel-time curve for wnich no data of a surface focus 

event were available. The procedure was to begin the 
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tr«v«l-tiiM curv« on a lag whera surfaca fooua avant» vara 

available, the lag chosen being the 12.5 lag which included 

data of numerou» NTS explosion». Little or no explosion data 

were available for the 13.4 leg, but several earthquakes wara^ 

observed on both the 12.5 and 13.4 legs. The event intercepts 

("a” values) for these several events on the 12.5 let were 

subtracted from the mean NTS intercept. These intercept 

differences were then added to the appropriate event inter¬ 

cept values on the 13.4 leg and the resultant set of computed 

surface focus intercept values averaged. Given this inter¬ 

cept and the computed slope of the travel-time curve on the 

13.4 leg, the total travel-time along this leg for a surface 

focus event was thus established. Estimation of the travel¬ 

time curve for more distant legs continued in similar manner. 

At great distances, travel-time data from 3 surface focus 

sites became available and comparison between observed 

travel-times and those predicted by the scheme outlined 

above became possible. Curve EC-CU-I was completed on the 

last two legs by controlling intercept values by Semipalatinsk 

data rather than by the procedure outlined above. Table 13 

indicates the straight line travel-time curves computed from 

various data sets along with comparison with explosion data. 

The asterisk on ali intercept values for the 12.5 leg indicate 

that these values are controlled by NTS data. The double 

asterisk for the entry on the 22.0 leg under South data 

implies that the control on that intercept is the Northwest 

data. The reason for this procedure will be apparent shortly. 

Values in parentheses on South data indicate the values of 

intercept that are to be associated with South data if the 

slope determined from Northwest data is employed, these 

entries in the table being solely to allow rapid inter¬ 

comparison of the 2 determined travel-time curves. The 
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entries for explosion data ara all calculated against the 

•lopes determined for Northwest data. A comparison of the 

northwest travel-time curve and the explosion data yields 

the intercept differences shown in the final column. The 

travel-time curve determined by extrapolation from the 12.5 

leg agrees well with Novaya Zemlya and Algerian data on the 

16.3 and 18.2 legs. However, there appears to be a real and 

systematic difference in mean slopes of the travel-time 

curves between the 16.3 and 24.5 legs as computed by our 

extrapolation procedures and as determined from empirical 

observations based on the seismic signals at Novaya Zemlya, 
» 

Semipalatinsk, and Algeria. This problem is not removed 

at all if a travel-time curve is developed based on the 

equation t - a + b A + cA2. It is difficult to understand 

how the scheme followed in development of the curve would 

so systematically depart from the "actual" curve if avail¬ 

able explosion data is really indicative of the "actual" 

curve. It may be more reasonable to assume that this 

systematic difference is expressive rather of path influ¬ 

ences than of error in mode of calculation. 

A puzzling circumstance developed between the travel¬ 

time curves based on northwest and sout. data. In Table 

13, at leg 14.5, there are two entries. The upper one 

(156.9 + 0.06788 A) if derived by legwise extrapolation 

from the 12.5 leg, while the lower equivalent entry 

(159.6 + .06788 A) is derived by legwise extrapolation 

from 22.0 leg. When the attempt was made to estimate 

continuously from the 12.5 leg through the 14.5 to more 

distant legs, shallow focus earthquakes were observed to 

have travel-times greater than the computed surface focus 

travel-time curve. This entire problem was associated 

with the 14.5 leg. Extension from the 22.0 leg (using 

intercept on 22 leg of Northwest data as control) to the 
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16.3 leg yielded estimates of travel-time in agreement with 

the Northwest data and with the analysis based on All data. 

Similarly, the travel-times estimated for the 13.4 leg from 

the South data agree well with those derived for the North¬ 

west data. The nature of the problem in the 14.5 segment of 

The final computed travel-time curves (EC-CU I and EC-CU 

II) were obtained by plotting individual station residuals 

for all data against the computed straight line segmented 

travel-time curve (EC-SL I and EC-SL II) and subsequently 

drawing a curve under certain assumptions mentioned below 

through these plotted data points. Figure 3 through 10 were 

thus obtained. On all figures, the Jeffreys-Bullen and 

HERRIN-67 travel-time curves are shown. It is clear that 

the "best" curve through the data points differs markedly 

from both of these curves. In fact, the data essentially 

support the idea of near-straight line segments. Such a 

travel-time curve, however, is not appropriate for normal 

inversion acharnés designed to determine velocity structure 

in the mantle. Therefore, the approach followed was to 

ignore large positive residuals at the ends of each leg, 

thus allowing the drawing of a more smoothly changing travel- 

time curve through the remaining points. This was, of 

course, somewhat illogical but was necessary to allow 

appreciable distances for curvature changes. Any velocity 

structure determined for the earth by use of this travel¬ 

time curve probably will be more smoothly changing than the 

actual case. 

EC-CU I is the curve so labeled on Figures 3 through 

10. The reason for the discrepancy in the distance range 

3000 to 7000 between that curve and HERRIN-67 is uncertain 

but did suggest that it might be well to compute another. 

•f 
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That curve, EC-CU II, was obtained by using the legwise shapes 

of EC-CU I but using an average travel time on each leg equal 

to the mean travel-time for the same distance range on the 

HERRIN-67 curve. 

Table 14 is the straight line segmented curve of 

Figures 3 through 10, EC-SL I. The regional and near- 

regional portions of the travel-time curve of Table 14 are 

arbitrary and approximately expressive of conditions in 

eastern North America. Table 15, curve EC-SL II, is the 

straight line segmented travel-time curve with mean travel¬ 

time on each leg equal to mean time over the same distance 

range on the HERRIN-67 curve. Table 16, curve EC-CU I, is 

the curved travel-time representation of Figures 3 through 

10, while Table 17, curve EC-CU II, is as described above. 

All curves were sent to G. Clawson of Geotech who 

inverted them and provided us with the velocity versus depth 

relationship for the earth's mantle. Some smoothing of 

teleseismic portions of the curve were required in order to 

remove apparent discontinuities and low velocity (straight 

line portions of travel-time curve) layers. As noted above, 

this is a stricture on all inversions schemes. If the 

travel-time curve appears to suggest such characteristics, 

they will not appear in the answer since the effect will be 

removed in the process of adjusting the data for inversion. 

Even so, the resultant velocity versus depth curve is strongly 

suggestive of near-discontinuities in the velocity structure 

or at least of rapid changes in dT/dz. Figure 11 presents 

the determined velocity versus depth function for EC-CU II. 

There seems little doubt, particularly in light of the 

nature of the discrepancy between individual event analysis 

and all data analysis mentioned above, that the velocity 

versus depth as determined is significantly smoother than is 



the actual situation in the mantle. In fact, on ripiare 11 

the presence of intervals of rapid change of velocity in the 

mantle are clearly suggested if straight linos are drawn as 

shown through the plotted velocity versus depth points. 

DATA ON REGIONAL VARIATION OF MANTLE ST.’JCTURE 

We have already mentioned the statistical analysis of 

the northwest, south, and NTS data which clearly implied 

the existence of real travel-time differences, both as 

regards slope and travel time, at several depths down to 

1900 kilometers in the mantle of the earth. Analysis of 

the ^.nclividual event data of Tables 8, 9, and 12 statistically 

supports the reality of marked differences in mantle velocity 

structure. 

The existence of real differences in P travel-times and 

thus of mantle velocity structure are illustrated by the 

individual event data of Figures 12 through 16. The data of 

these figures are analyzed by use of mean velocity values for 

All data rather them by using the individual event values of 

Tables 9 and 10. With one exception, each figure shows data 

for two events located at nearly opposite azimuths relative 

to the US. Figure 12 compares a Kamchatka event with one 

from Bolivia, both events occurring at approximately the 

same depth. The figure indicates about a 0.7 second 

difference in relative travel times between the two curve 

segments shown for the two events. This relative difference 

can only indicate that velocity structure in the mantle 

varies as a function of propagation path to the US. The 

data used on all of these figures is of such quality that 

the relative times are known to much better than 0.7 

seconds. Therefore, it is impossible to explain the 0.7 



second difference by reinterpretation of the data of the 

figure. Possible errors in origin tine, location, and focal 

depth cannot be such as to make the data of these two 

events imply the same velocity structure. Figure 13 

compares the data of the same Kamchatka earthquake with 

that of an earthquake on the southerly Atlantic Ridge. 

The relative time difference between the data of these 

earthquakes is greater than for the previous pair, being 

0.8 seconds. Relative time differences are comparable 

for the data of Figures 14 and 15 which compare events 

from Honshu and Chile and from Peru and the Aleutian 

Islands. Figure 16 compares the reduced travel-time 

curve data for two events from the same area (Kamchatka), 

indicating that data of two such events imply the identical 

mantle velocity structure. 

Additional evidence for the existence of mean travel¬ 

time discrepancies, as recorded in the US from seismic signals 

in Novaya Zemlya, Somipalatinsk, and Algeria, is provided 

by considering the following data* 

a. Travel-times from Eniwetok to the US (80* to 

100* epicentral distances) were essentially identical to 

those for continent-to-continent travel times, thus 

implying that no systematic increase or decrease in long 

distance teleseismic travel times is associated with oceanic 

source regions, 

b. Observed travel times on the 12.5 leg for a near¬ 

surface explosion in the Atlantic (CHASE III, exploded at 

depth of 900 feet in water depths of 6000 feet) were only 

slightly greater (+0.4 seconds) than were travel times at 

the same distance range from explosions at NTS. The travel 

times for CHASE II (exploded at a depth of approximately 

4500 feet in water depths of.9000 feet) were 0.5 seconds 
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less than travel times at similar distances for NTS explo¬ 

sions. If CHASE II had been exploded at the surface, 

observed travel times on the 12.5 leg would have been greater 

by approximately 1 second them those observed at similar 

distances from NTS explosions, all recording stations being 

within the eastern US as defined in Evernden 19671. The 

slow propagation velocity of sound in water compared to 

that in rock suggests that velocity in the upper mantle must 

either be faster under oceans them under continents or that 

the rapid velocity change interval associated with the 12.5 

leg is at shallower depth under the ocean than under the 

continents. 

c. When shallow focus earthquakes on the mid-Atlantic 

ridge are located by use of the HERRIN-67 travel-times curve 

and observing stations are at distances of 25 to 140*, the 

computed solution generally is above ground or at least well 

above the pP depth, this result being particularly strong if 

PKP data are included. The implication of this result is that 

the actual travel-time curve for events on the mid-Atlantic 

ridge has a greater mean slope between 25* and 100* than 

does the HERRIN-67 curve. A uniform increase or decrease of 

travel-time at all distances would not be detectable and 

would have no influence on depth calculations. 

It cannot be positively determined from these data alone 

whether the explanation is to be found in abnormally short 

travel times at short teleseismic distances or in abnormally 

long travel times at long teleseismic distances. However, 

the three items above suggest the former. Explanation of the 

Evernden, J.F., Magnitude Determination at Regional and Near- 
Regional Distances in the United States, Bulletin of the 
Seismological Society of America, Vol. 57, No. 4, pp. 591-639, 
August 1967. 
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CHASE data based on simply increasin9 velocity in the upper 

mantle while keeping the rone of high rate of change of ve¬ 

locity associated with the 12.S leg at the same depth will 

not explain the mid-Atlantic ridge data. The apparent expla¬ 

nation of these three sets of data is one which places the 

rone of rapid change of dT/dz at a shallower depth under oceans 

than under continents. The change in dept], of this zone 

required to explain the travel-time data is of the order of 

several kilometers. 

Additional evidence of the reality of travel time differ- 

enees at long teleseismic distances is provided by comparison 

of the accuracy of locations obtained by use of the LRSM data 

of this report and travel time curves EC-CU-I and EC-CU-1I 

Remember that EC-CTJ-I is based solely on data of this report 

and certain previously discussed procedures for estimating the 

travel-time curve at all distances by using control data at 

short distances. This procedure was abandoned, unfortunately 

(as will be indicated below), for the two more distant legs. 

EC-CU-II was constructed to yield agreement with HE-67 on the 

average on all legs. The two curves are systematically 

different from 20« to 80«. When locating events by use of 

worldwide data, the systematic differences between these two 

curves will have little effect on computed locations (Table 

18) but may significantly effect depth calculations. As a 

matter of fact, HE-67 and EC-CU-II yielded depths in better 

agreement with pP than did EC-CU-I when using worldwide data. 

However, when locating events by use of data obtained in 

limited azimuth and range, the location is markedly influenced 

by the exact shape of the travel time curve. when using 

worldwide data, i.e., stations at many azimuths and distances 

from the epicenter, the location program effectively uses 

total travel time in the computations, in contrast, when 
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using data obtained only in a limited azimuth range, the 

location program essentially fits the observations to the 

shape of the travel time curve used Total travel time is 

not effectively analyzed, only the shape of the observed 

data. Thus a small systematic error in shape of the travel 

time curve versus distance will not significantly affect 

computed locations when using worldwide data but may markedly 

affect locations when all observations are within a narrow 

azimuth ranga. The rate of change of slope of the P travel 

time curve, particularly for segments of 2,000 kilometers or 

more in length, is so gradual that even small changes in 

mean slopes will cause significant shifts in the computed 

epicenters. 

The evaluation of the relative accuracy of locations 

obtained by use of EC-CU-I and EOCU-II and US-observations 

is determined by the comparison of locations obtained by the 

two curves with that obtained with worldwide data. Size and 

orientation of the 95% CHI2 ellipse (s.d. = 0.4) are also 

shown The relation between tectonic structural trends and 

US-epicenter directions is so variable for the 12 events 

used in Table 20 that location bias problems cannot signif¬ 

icantly affect the interpretation. For the 12 events of 
2 

Table 20 the semi-major axis of the 95% CHI ellipse (s.d. » 

0.4 seconds) is less than 60 km and the travel time data 

were obtained almost entirely in those portions of the two 

travel time curves which sure systematically different. All 

locations calculated were restrained to the depth indicated 

either by pP or by worldwide data computations. The 

standard deviation 0.4 seconds is established by averaging 

the standard deviation values obtained for all events studied. 
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Table 19 presents comparison of locations by EC-CU-I and 

EC-CU-II for 31 events while Table 20 presents the pertinent 

comparison data for the 12 events described above. It can be 

seen from Table 20 that, on the average, the locations as 

computed by EC-CU-II were 40 km too far from the United States 

while locations computed according to EC-CU-I were only 1 km 

too far. Thus, it is immediately apparent that when locating 

events by use of data obtained in a limited azimuth and range 

with the US, curve EC-CU-1 is distinctly superior to curve 

EC-CU-II. The authors of this paper do not pretend to assert 

that EC-CU-I is better for a worldwide travel time curve than 

HE-67| in fact, they believe quite the opposite. The point 

being demonstrated is that the variations in mantle velocity 

structure and thus in teleseismic travel time are real and, 

at least to the extent here demonstrated, indicate the neces¬ 

sity of developing regionally calibrated travel time curves. 

LONG SHOT DATA 

The anomalous nature of the travel-time data for LONG 

SHOT, a nuclear explosion on Amchitka Island in the Aleutians, 

is apparent when related to the data of this report. Only 

a handful of the LRSM stations occupied during 1963-1964 were 

still in operation at the time of LONG SHOT but sufficient 

data are available to illustrate its anomalous character. The 

slopes and intercepts of the travel time curves derived in 

this report, particularly curves computed solely by use of 

events to the north and west of the US, are in large part 

based on shallow focus Aleutian Island earthquakes. None of 

these events showed marked discrepancy from the others in the 

same area as regards standard diviation of the residuals or 

computed values of intercept for simulated surface focus 

travel-time curves. 



The following table indicates intercept values 

computed on the northwest surface focus travel time curve 

by use of earthquakes as well as indicating comparisons with 

Novaya Zemlya, Alergia and LONG SHOT data. 

COMPARISON OF NORTHWEST EARTHQUAKES AND LONG SHOT DATA 

Leg 
Designation 

14.5 

Northwest Surface 
Focus Travel-Time 

Intercept 

149.2 

Novaya Zemlya and LONG SHOT 
Algerian Intercept Intercept 
(dT/dA controlled (dT/dAcon- 
by NW earthquakes) trolled by 

NW earth¬ 
quakes ) 

148.2 (3 
stations, 
MV-CL, CP-CL t 
RK-ON) 

16.3 

18.5 

197.5 

253.0 

196.9 - NZ 196.1 (2 
197.2 - ALG stations, 

LC-NM, GV-TX ) 

253.2 - NZ 249.7 (2 
253.5 - ALG stations, 

DH-NY,HN-ME) 

The standard deviation of residuals for the LONG SHOT data on 

the 14.5 leg was 1.1 seconds. They were small on the last two 

legs (stations close together) but would be very large (1.5 

seconds) if all LONG SHOT data were computed agáinst the 

northwest travel-time curve using the 3 distance legs simul¬ 

taneously. As noted above, the values of the the northwest 

intercepts are controlled largely by shallow focus Aleutian 

Islands earthquakes, none of which show anomalous intercept 

values similar to those of LONG SHOT data. These results 

would seem to indicate that the abnormal conditions causing 



the observed pattern of LONG SHOT travel times are greatly 

restricted either in area or in depth near Amchitka. One 

of us has noted previously that master-controlled travel¬ 

time corrections derived from a nearby large shallow focus 

earthquake did not decrease standard deviation of LONG SHOT 

travel times„ In other words, the detailed pattern of 

travel times observed for LONG SHOT are not typical of 

shallow mantle conditions 100 kilometers southwest of LONG 

SHOT (location of master event). Since master^controlled 

corrections to observed travel times markedly decrease 

standard deviation of residuals for well recorded earthquakes 

surrounding a master event, the failure of residuals of an 

event in an island arc area to decrease may imply an extremely 

shallow focus event. 

Associated with this recognition of the existence of 

mantle velocity variations must come recognition of the step 

required in seismological observations in order to elucidate 

the details of this variation. Presently available regional 

networks are probably inadequate for these purposes due to 

variations in quality and character of records. Seismologists 

can obtain the necessary data if: 

a. They pool their available resources with the intent 
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oí operating on a temporary basis (2 years or so) networks of 

LRSM-quality stations on different continental regions with 

the intent of observing the details of mantle velocity struc¬ 

ture. This network would be moved to different regions every 

couple of years, involving what might be called a Seismological 

Decade of international cooperation. Under the proper organi¬ 

zational arrangements, it might even be possible to obtain LRSM 

equipment. 

b. They cooperate in establishing a worldwide network 

of a limited number of 200K-500K stations* 

c. They attempt to obtain government support for ocean- 

bottom seismological installations whose purpose would be to 

obtain teleseismic data. 

If seismologists would enter into such a cooperative self- 

help program, we are certain that significant advances in 

seismology would result. Efforts are generally too scattered 

and fragmentary to yield the data required. Only concerted 

effort allowed acquisition of the data here employed. The 

events investigated would be of such size that a well distri¬ 

buted worldwide network of two dozen reasonably capable 

stations would allow epicenter locations essentially as 

accurate as those obtainable by use of a hundred or more 

stations. 

INVESTIGATIONS OF AMPLITUDE DATA 

The original stimulus for this phase of the investigation 

was the desire to relate amplitude measurements (defined as 

the maximum amplitude of the Pn or P phase within the first 

three cycles of motion) to the travel-time curve with the 

intent of ascertaining whether the amplitude data would or 

would not support a near-segmented nature of the travel-time 



- — 

curve and to make a new ea tímate of the shape of the B-*factor 

curve. The same programs uaed in the analysis of the travel- 

time-versus-distance data were also used for the analysis of 

amplitudes versus distance, the relevant equation now being: 

log (amplitude)+ 0k log Aij + si (station i of event 

* j on leg k) 

Event factors (Oj) and station correction factors (S^) 

were estimated by the least squares program. The Bk factors 

were similarly estimated, one for each segment of epicentral 

distance, the segments being established by the time-versus- 

distance analysis discussed above. 

An interesting aspect of the analysis is the set of station 

amplitude anomalies and station correction factors and their 

relationship to geographic positions of the stations, noise 

levels at the stations, and the travel-time anomalies and 

correction factors at the stations. As can be seen in Table 

21, virtually a full order of seismic magnitude of relative 

station amplitude corrections was computed. For such relative 

amplitude factors to be accepted as valid, it is virtually 

required that they show strong regional correlation and 

strong correlation with other determinable signal or station 

* characteristics. The regional correlation is as shown in 

Figure 17, with amplitudes recorded in the WUS approximately 

* 3 times (0.5 magnitude) lower than those recorded in EUS for 

P teleseismic signals. It has long been known that there is 

also a correlation between microseismic noise levels and 

geography in the US, stations in WUS generally having lower 

noise level than those in EUS. Noise level measurements 

previously made and published allow a detailed comparison of 

the estimated relative amplitude factors of this report and 

measured noise levels at the LRSM stations. The noise 
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measurements used are those made at Geotech. Their tech¬ 

nique was to measure the maximum amplitude on the record 

within the P signal passband during the 10 seconds prior to 

a minute and to make such measurements over an extended 

period of time. The noise amplitude data were then plotted 

on a cumulative percent curve and the tabulated noise level 

} for the station was th« 50% point on this curve. Table 21 

lists th^ relative amplitude (my) measurements determined 

from teleseismic P signals and the noise levels (my) as 

recorded by Geotech. Table 2 gave location am^ geological 

environment of each of the LRSM stations. Figuro 18 is a 

plot of noise level versus relative signal amplitude for all 

LRSM stations used and the VELA observatories. The symbol 

for each station is keyed to its geology. Similar to Figure 

18, Figure 19 is a plot of signal-to-noise versus noise 

ratio. 

If, for the moment, we consider only those stations 

located on granitic or metamorphic rocks, it is seen that 

there is very nearly linear relationship between log N and 

log S on Figure 18 and between log N and log S/N on Figure 

19. The point for Campo, California (CP-CL) is the only 

one showing a departure of more than a factor of 1 1/2 from 

this straight line. The abnormally high noise level is 

« probably due to the station's proximity to the Pacific Ocean 

(Figure 17). Figures 18 and 19 clearly demonstrate the close 

4 correlation of noise level and P teleseismic signal level at 

these stations, the signal-to-noise ratio being greatest at 

stations with the lowest noise level. Figure 18 confirms 

that noisy stations generally have higher signal amplitudes 

for stations in the same geological environment, but Figure 

19 indicates that quiet sites have higher signal-to-noise 

ratios. 
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The limited data available suggest that stations on 

limestone in the EUS may have signal levels below those of 

stations on granite* while no such difference in signal is 

detectable between limestone and granite stations in WUS. 

Stations on hard sandstone (Paleosinic and Mesozoic sand¬ 

stones) appear to have consistently higher amplitude signals 

and higher signal-to-noise ratios than do stations in the 

same general area located on granite. Stations such as 

HH-ND, RY-ND, and GI-MA, situated on thick Tertiary and 

Cretaceous sediments, have abnormally high signals and 

signal-to-noise ratios for their noise level. The expla¬ 

nation for this phenomenon apparently must reside in the 

different influence of such thick, somewhat unconsolidated 

sediment* on Rayleigh waves (the dominant noise source) and 

P teleseismic signals. 

The analysis discussed above was based upon the tele- 

seismic P signals of approximately 50 earthquakes recorded 

at all teleseismic distances from the US. In order to 

indicate the reality of the determined station amplitude 

factors in another way, 4 events not used in the analysis 

above were investigated in terms of the amplitudes of their 

P signals recorded in WUS and EUS. The data for these 4 

events were published previously in Evernden, 1967. 

UNADJUSTED MAGNITUDE VALUES (GUTENBERG B-PACTOR) 

Event 

Manzanilla 2 Feb 62 

“teleseismic(MDS> mteleseismic 

4.77 (7)* 

(EUS) 

4.35 (16)* 

GNOME Explosion 

SALMON Explosion 

3.9 (2) 4.4 (2) 

4.2 (13) 4.6 (5) 

SS VILLAGE (CHASE II) 4.2 (13) 4. 

♦Numbers in parentheses indicate number of stations 

4.7 (4) 
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Thus, results obtained by the analysis described above 

are supported by amplitude data from these 4 events. After 

recognizing the reality of regional influence on teleseismic 

amplitude measures« the LRSM amplitude data for the GNOME, 

SALMON, and Lake Superior explosions become more understand¬ 

able and interpretable relative to NTS data (see Page 21). 

As shown in Figure 17, there appears to be a strong 

regional correlation between amplitude of teleseismic P 

signal and amplitude of one second microseisms, these 

microseisms being composed primarily of propagating Rayleigh 

waves. Previous explanations for low amplitude microseisms 

in the HUS between the Rocky Mountains and the Sierra Nevada 

were based largely on assuming reflection of propagating 

waves when incident against the abrupt velocity changes 

associated with these boundaries. Such an explanation would 

not, of course, explain the low teleseismic P amplitudes. It 

would appear that the proper explanation of low Rayleigh wave 

amplitudes must also explain the low teleseismic P amplitudes 

and the explanation which immediately suggests itself is a 

region of abnormally low Q at comparatively shallow depth in 

HUS. This low Q region must be of regional extent and is no 

ioubt related to the conditions of abnormally high heat flow 

in WUS. 

ESTIMATION OF EVENT MAGNITUDE 

The influence of local and regional geology upon recorded 

P signals appears to be so gross that they can greatly influ¬ 

ence the determined magnitude of an event. It is obvious that, 

as soon as station calibration factors are applied to amplitude 

data, magnitude becomes a calibrated quantity. The relative 

values of the station calibration factors are fixed but their 

absolute values must be set on some calibration scheme. 
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Therefore, it should be pointed out that, due to the probable 

resiprocity of source and receiving stations as regards the 
influence of geological factors on teleseismic amplitude mea¬ 

surements, source correction factors must also be applied if 

directly comparable magnitude estimates for events occurring 

in all regions are to be made. One must decide upon a stan¬ 

dard propagation path and then calibrate other measurements 

against the standard path. We will choose as the standard tele- 

seismic path one having a WUS-type source or recording area 

and an EUS-type recording or source area. This is done because 

most data of relevance in detailed considerations of magnitude 

estimates are of this type. Thus, NTS explosions recorded at 

teleseismic distances in the EUS are of this type, as is 

SALMON recorded in WUS, GNOME recorded in WUS, and Lake 

Superior explosions recorded in WUS. Such path calibration is 

required if all magnitudes are to be related to the energy 

released at the source. 

In addition to specifying the standard path, one must 

also specify the magnitude of a standard event. The ampli¬ 

tude correction factors given in Table 21 are such as to 

give the explosion MISSISSIPPI a magnitude of 4 3/4. This 

is essentially the magnitude obtained for MISSISSIPPI by 

averaging all LRSM teleseismic station values obtained in 

EUS. Presently employed yield versus magnitude curves are 

based on MISSISSIPPI having such a magnitude. The correction 

factors such as those of Table 21 would be applied as 

follows: Apply the factors to measured eunplitudes. The 

correct calibrated magnitude is obtained by averaging these 

adjusted magnitude values if the source was in a WUS-type 

area. If the source was in ? EUS-type area, a correction 

factor must be applied to obtain a calibrated magnitude 

relevant to the standard path. If an event in thick sedi¬ 

ments in EUS is recorded teleseismically at several stations 

of WUS-type, one can obtain a correct calibrated value of 
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magnitude for averaging the magnitude values obtained at the 

WUS-type stations without applying either source or station 

calibration. Thus, for SALMON, the magnitude obtained by 

simply averaging thé magnitude estimates at several HUS 

stations at teleseismic distances is 4.0. This should be 

essentially the correct calibrated magnitude for SALMON. 

If one went through the routine of applying correction 

factors and then converting to WUS-type source for standard 

path calibration, one would add 0.3 of a magnitude for HUS 

station corrections and subtract 0.3 of a magnitude because 

of the EUS-*type source in thick sediments «und obtain again 

a standard calibrated magnitude for SALMON of 4.0. 

An item of some interest is that this improved under* 

standing of the relation between source area, recording 

area, and determined magnitude makes it clear that previous 

estimates of the magnitudes of GNOME and SAIMON were in 

error in the sense that the values used could not be legit¬ 

imately related to magnitude values determined for NTS events. 

Again, it must be stressed that the major use of magnitude 

values today is in the determination of source energy rather 

than of mean amplitude of signal recorded. Therefore, what 

is desired is the magnitude of SALMON and GNOME as if they 

had been exploded in salt at NTS and recorded in the EUS at 

teleseismic distances. The calibration scheme described above 

will yield the appropriate magnitudes. If this procedure is 

followed, it is determined that the proper calibrated magni¬ 

tude for SALMON is 4.0 and that for GNOME is 3.9. Thus, the 

oft-noted apparent anomaly that GNOME (Y ■ 3 kt) had a higher 

magnitude than SALMON (Y ■ 5 kt) is explained to be the result 

of the pattern of station distribution relative to the source 

and a failure to properly interpret the amplitude data rather 

than to any anomaly in the fraction of energy coupled from 

the explosion devices into the salt. These properly calibrated 
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magnitud«« for GNOME and SALMON indicate that explosion« in 

•alt do not couple a greater fraction of energy into the 

ground than do explosions in granite. In fact» the SALMON 

and GNOME calibrated magnitude values are distinctly below 

those for explosions of equivalent yield in granite. 

A final discussion required is another possible signif¬ 

icance of the high amplitude signals recorded in EUS. Figure 

20 indicates the situation clearly. Thus» SALMON» a 5 kt 

event which is exploded in HUS would have had a recorded 

amplitude of the Pn phase at 1000 kilometers distance of 4 my 

(at 1 second period)» actually had at the same distance range 

an amplitude of 60 my. Much of this increase» of course» has 

previously been explained in Evernden, 1967. However» in 

that document failure to appreciate the factors discussed above 

led to averaging all magnitude values computed in that report 

and thus obtaining magnitudes of SALMON and GNOME several 

tenths too high. Without detailed amplitude and magnitude 

calibration such as here-in discussed, very large discrep- 

ancies in yield versus magnitude estimates can be made. 

The true significance of these magnitude discrepancies 

as they influence the proper design of a teleseismic sur¬ 

veillance system must be kept clearly in mind. They do not 

alter the fact that stations located in WUS-type areas have 

lower detection thresholds than do stations in EUS-type «ureas. 

Figure 16 shows that the signal-to-noise ratio improves as 

mean noise level drops and, therefore, that quiet stations 

are the most capable, i.e., they have the lowest detection 

thresholds. The greater amplitude recorded in EUS-type 

areas results only in higher amplitude for those events 

detected but does not result in 1c er detection thresholds. 

A network designed for teleseismic surveillance should 

locate stations in the quietest sites possible and the yield 
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versus magnitude curves employed might as well be related to 

the amplitude measurements at these stations. 

However, the high amplitudes observed at regional and 

near-regional distances for events exploded and recorded in 

EUS-type areas are so high that they markedly affect pre¬ 

vious conclusions as to the significance and utility cc such 

stations as regards their capability to detect the PR phase 

of small yield devices (SALMON, a 5 kt device gave signals 

of 60 my at 1000 kilometers range in EUS). 

B-FACTOR CURVE 

The analysis leading to individual station amplitude 

correction factors also yielded a curve of variation of 

amplitude as a function of distance. Table 22 indicates 

the values determined when using All data uncorrected for 

station factors, All data corrected for station factors, 

Northwest data corrected for station factors, and South 

data corrected for station factors. Numbers in parentheses 

after the values indicate the standard deviation of resid¬ 

uals. For All data (corrected) and Northwest data, the 

values on the 13.2, 14.5, and 16.3 legs are positive, imply¬ 

ing increase of amplitude with increasing epicentral distance. 

Amplitudes on the 12.4 leg decrease rapidly with increasing 

distance as do amplitudes on the 24.5 leg. Positive values 

are obtained with South data on the 13.2 and 16.3 legs, data 

on the 14.5 leg yielding a negative value. 

By use of data for earthquakes recorded on adjacent legs, 

a complete B-factor curve can be generated. It is, of course, 

actually derived in terms of log A/T with no established 

calibration relative to a magnitude seals. Thus, Table 23 

indicates the derived pattern of log A/T as a function of 



distance, assuming a value of log A/T of 3.00 at 2700 kilo¬ 

meters. The values used in Table 23 are those for All data 

(corrected) while the log A/T of this table is plotted on 

Figure 21, in conjunction with Gutenberg8s B-factor curve 

and a recently published curve generated by Clawson of 

Geotech by use of explosion data* The placement of the log 

A/T curve of this report relative to Gutenberg's B-factor 

curve is arbitrary and two positions of our curve are shown 

as Position A and Position B„ Position A was selected so that 

our log A/T curve agreed on the average with Gutenberg's 

curve in the distance range 7000 - 11000 kilometers. The 

agreement of shapes of our curve and Gutenberg's curve in 

this region are astonishing. His indicates increase of 

êunplitude from 6800 kilometers to 8800 kilometers, followed 

by a high rate of decrease of amplitude at greater distances. 

This character is essentially exactly reproduced by the log 

A/T curve of this report. In the distance range 3000 to 60B0 

kilometers, the detailed shape of our log A/T curve is again 

in remarkable agreement with the shape of Gutenberg's, with 

amplitudes in the distance range 3800 - 5000 kilometers being 

markedly greater than at shorter or longer distances. 

There is, however, a major discrepancy between the 

B-factor curve of Gutenberg and that of this report. Though 

the two curves agree in detailed shape in the distance 

• ranges 7000 - 11000 kilometers and 3000 - 5000 kilometers, 

they considerably disagree in the distance range 5000 - 

♦ 7000 kilometers. If the two curves are adjusted to yield 

the same magnitude at short teleseismic distances, they 

will show a discrepancy of 0.3 magnitude at long teleseismic 
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distances. The data of this report might suggest that 

Gutenberg's curve is miscalibrated between short teleseismic 

and long teleseismic distances. In this regard, 70 Eurasian 

earthquakes recorded at a set c£ quiet stations were inves¬ 

tigated to see whether, whex> using his curve, there was a 

systematic discrepancy between magnitude estimates at short 

and long teleseismic distances. Seventy-two percent of the 

events had higher computed magnitudes at long teleseismic 

distances (8000 - 110JO kilometers) than they did at short 

teleseismic distances (3000 - 5000 kilometers), the average 

difference being 0.3 magnitude. The remaining 28% were 

equally split between events showing no discrepancies and 

events showing lower computed magnitudes at long teleseismic 

distances. An approximate 0.2 magnitude differential ap¬ 

peared to be present in the total body of data. This investi¬ 

gation would suggest that Gutenberg's curve is miscalibrated 

and that magnitudes as determined by it are generally too 

high at long teleseismic distances by 0.2 - 0.3 magnitude units. 

The question remains as to how the log A/T curve of this 

report should be converted to a B-factor curve. If the cri¬ 

terion were to achieve agreement with Gutenberg's at long 

teleseismic distances, curve A of Figure 21 would be employed. 

If the relevant criterion, however, were to agree with his 

at short teleseismic distances, curve B would be employed. 

The latter seems to us the more logical approach, particularly 

in light of the fact that amplitudes in this distance range 

have been used previously to calibrate curves at regional and 

near-regional distances and to establish magnitudes of NTS 

explosions and then to determine yield versus magnitude 

relationships. Thus, we would suggest that the curve through 

the B segments in Figure 21 is the best now available for 

intercalibrating observational earthquake data at all 



teleseismic distances. The one published by Clawson is not 

sufficiently expressive of the detailed' variations in ampli¬ 

tude that do exist in earthquake observations. Clawson's 

curve indicates# even in its too generalized form, a greater 

decrease of amplitude with distance from short or long tele- 

seismic distances than does the one in this report. Since 

Clawson's curve is entirely based on explosion data, this 

discrepancy may be the result of the high frequency content 

of explosion signals and the attenuation of high frequency 

components at long teleseismic distance. 

The final major interest of the log A/T versus A curve 

of Figure 21 is its relationship t,o the travel-time curve 

previously derived, and the evidence Figure 21 gives for or 

against the near-segmented character of the P travel-time 

curve. The marked change in slope of the amplitude curve 

between the 12 and 13 legs (-2.5 on the 12.5 leg and +1.7 on 

13.2 leg), as well as the .15 magnitude discrepancy, seems 

to imply the reality of the near-segmented nature of the 

travel-time curve, i.e., of the existence of a narrow region 

in the mantle displaying high rate of velocity change with 

depth. 

The 0.3 magnitude discrepancy between the 13.2 and 14.5 

legs, a phenomenon clearly shown in Gutenberg's data, also 

supports the existence of a zone of rapid velocity change. 

Variations in slope and amplitude between the 14.2, 16.3, 

18.0, and 19.6 legs are not as large. However, the reversal 

in curvature between the 16.3 and 18.0 legs was indicated in 

Gutenberg's data and, in association with the .15 magnitude 

increase in amplitude, strongly suggests a localized source 

in the mantle. The discrepancy in amplitude between the 19.6 

and 22.0 legs (.25 magnitude) and the marked difference in 

rate of decrease of amplitude with distance seem also to 



suggest the reality of a zone of high rate of change of veloc¬ 

ity in the lower mantle. The change in slope (-4.6 to -12.3) 

between the 22 and 25 legs is also suggestive of the same 

phenomenon. The differential in amplitudes, however, is so 

small that it cannot be used as support for this interpre¬ 

tation. In general, it would appear that the amplitude data 

here obtained do support the concept of a nearly segmented 

travel-time curve such as that of Figure 11. The zeasonable 

conclusion to draw from such a velocity structure is that 

the zones of rapid velocity change are associated with phase 

transitions in the mantle. Such a hypothesis would permit 

large scale convection while one based on such velocity trans¬ 

itions being related to compositional changes in the mantle 

would probably bar the possibility of convection. 
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TABLE 3 

Station Tine Anomalies 

(Elevation Effect Removed) 

Station Time Anomaly (seconde) 

AZ-TX 
BL-WV 
BR-PA 
BX-UT 
CP-CL 
CU-NV 
DH-NY 

DR-CX) 
DO-OX 
BB-MT 
BK-NV 
FR-MA 
GI-NA 
GV-TX 
UB-ND 
HL-ID 
HM-ME 
KM-ÜT 
LC-NM 
LS-NH 
MN-HV 
MV-CL 
RK-ON 

RJf-ND 
8K-TX 
WI-NV 

-.43 
-.19 
.05 

-.50 
-.29 
.16 

-.10 
-.02 
-.77 
-.85 
.12 

-.20 
.31 

-.06 
-.39 
-.03 
.03 
.29 

-.06 
.44 
.06 

-.39 
1.07 
-.17 
.20 

-.36 
.23 
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TABLE 5 

Coefficients of Travel-Time Curve 
Northwest Data 

% A - Equations t ■ a + bA 

Leg Designation b a 

12.5 
13.4 
14.5 
16.3 
18.2 
19.5 
22.0 
24.2 

.08052 

.07446 

.06952 

.06157 

.05392 

.05145 

.04537 

.04062 

.331 

.438 

.298 

.419 

.392 

.283 

.267 

.296 

B - Equations t ■ a + bA + cA2 

Leg Designation b c 

12.5 
13.4 
14.5 
16.3 
.18.2 
19.5 
22.0 
24.2 

.08858 -12.302 x 10“7 .323 

.11039 -41.076 .331 

.07144 - 1.763 .297 

.11055 -36.711 .289 

.09427 -25.448 .297 
-.07140 +72.053 .259 
.07784 -17.286 .250 
.07192 -14.857 .263 



TABUS 6 

Coefficient« of Trevel-Ti*e Curve 
South Data 

A - Equation* t ■ a + bA 

Leg Designation b o 

12.5 
13.4 
14.5 
16.3 
18.2 
19.5 
22.0 

.08072 

.07504 

.06787 

.06125 

.05558 

.05126 

.04677 

.368 

.407 

.350 

.416 

.345 

.421 

.274 

B - Equations t a + bA + oA 
2 

Leg Deaiqnation _b 

12.5 .09386 
13.4 .05519 
14.5 .06079 
16.3 .09011 
18.2 .06784 
19.5 .16775 
22.0 .09392 

c __2_ 

-20.002 X 10“7 .346 
•»•23.056 .388 
- 6.471 .348 
-21.606 .384 
-20.875 .340 
-68.109 .397 
-25.918 .177 
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TABLE 11 

2 
Determined Values of A Coefficient 

Leg Designation 

12.5 

13.4 

14.5 

16.3 

18.2 

19.5 

22.0 

24.2 

All 

-1.7987 X 10'6 

-3.2742 

- .2728 

-2.7563 

-3.5162 

-1.0117 

-1.9157 

+ .6344 

Northwest 

-1.2302 X 10"6 

-4.1076 X 10"6 

- .1763 X 10-6 

-3.6711 X 10”6 

-2.5448 X 10-6 

-7.2053 X 10-6 

-1.7285 X 10-6 

-1.4857 X 10“6 

South 

-2.002 X 10-6 

+2.3056 X 10-6 

- .6471 X 10'6 

-2.1606 X 10-6 

-2.0875 X 10'6 

-6.8109 X 10*6 

-2.5919 X 10-6 

Average of 
nortlwest 
and south 

-1.61 X 10"6 

-0.90 X 10-6 

+0.23 X 10"6 

-2.92 X 10-6 

-2.31 X 10*6 

+0.20 X 10"6 

-2.16 X 10-6 

-1.49 X 10~6 

-1.37 X 10"6 A/erage of all legs 



TABLE 12 

Leg Designation 

12.5 

13.4 

14.5 

16.3 

18.2 

19.5 

22.0 

24.2 

Travel-Time Curve 

t Statistic on Slope Differences 

Equation: t * a + b 

Comparison 

NTS-EUS 
ATL-*EUS 

VS 

NM -»US 

NTS-EUS 
ATL-EUS 

VS 

S-US 

NW-US 
VS 

S-US 

NW-US 
vs 

S-US 

(.07930) 

(.08052) 

(.07930) 

(.08072) 

(.08052) 

(.08072) 

(.07446) 

(.07504) 

NW-US (.06952) 
vs 

S-US (.06788) 

NW US (.06157) 
vs 

S-US (.06125) 

NW-US (.05389) 
vs 

S-US 

NW-US (.05145) 
vs 

S-US (.05126) 

NW-US (.04537) 
vs 

S-US (.04572) 

NW-WUS (.04504) 
vs 

NW-EUS (.04566) 

NW WUS (.04504) 
VS 

SDtL-WUS (.04710) 

NW-US (.04062) 
ALG-US (.04077) 

NW-US (.4062) 
vs 

SEML-US (.4120) 

t 

2.79 

2.88 

.32 

1.11 

4.4 

.92 

3.6 

.26 

1.82 

3.6 

1.22 

n 

36 

20 

30 

54 

80 

80 

94 

56 

70 

50 

31 

P 

.01 

.01 

.5 

.27 

.005 

.35 

.005 

.8 

.07 

.005 

.25 
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TABLE 14 

Travel-Time Curve - EC-SL I 

Distance Range 
—rëiT— 

0-230.4 

230.4-2206.8 

2206.8- 2678.4 

2678.4- 3835.8 

3835.8- 4937.4 

4937.4- 5958.3 

5958.3-7313.0 

7313.0-8303.9 

8302.9- 8867.8 

8867.8-10006.8 

10006.8-11200 

Equation of Travel-Time Curve 
-rTnlun]- 

T 

T 

T 

T 

T 

T 

T 

T 

T 

T 

T 

.166667 

11.1 + .118500 

60.1 + .096296 

103.6 + .080055 

124.6 + .074502 

152.5 + .068912 

196.8 + ,061477 

244.4 + .054968 

270.8 + .051750 

327.9 + .045311 

372.2 + .040884 

A 8.5 

A 10.4 

A 12.5 

A 13.4 

A 14.5 

A 

A 

A 

A 

A 

Distances are given so that times agree at crossings to 
.01 seconds. 

If you need to round travel-time curve at crossings 
for use in program, do as little smoothing as possible. 



TABLE 15 

Distance Range 
nésy 

0-230-4 

230.4-2166.3 

2166.3- 2678.4 

2678.4- 3853.8 

3853.8- 4973.2 

4973.2- 6039.0 

6039.0-7328.3 

7328.3- 8172.8 

8172.8- 8867.8 

8867.8- 10006.8 

10006.8-11200 

Travel-Time Curve - EC-SL II 

Equation of Travel-Time Curve 
21 (in km) 

T = .166667 

T - 11.1 + .118500 

T = 59.2 + .096296 

T - 102.7 + .080055 

T = 124.1 + .074502 

T » 151.9 + .068912 

T = 196.8 + .061477 

T » 244.5 + .054968 

T = 270.8 + .051750 

T = 327.9 + .045311 

T * 372.2 + .040884 

Distances are given so that times agree at crossings to .01 
seconds. If you need to round travel-time curve at crossings 
for use in program, do as little smoothing as possible. 



TABLE 16 

TRAVEL-TIME CURVE EC-CU I 

Apply indicated changes to travel-time curve EC-SL I. Make 
smooth travel-time curve between points given» 

tan Travel-Time Changes km Travel-Time Changes 

2650 00 sec 7100 
2700 -.42 7250 
2750 -.23 7450 
2835 00 7700 
3100 +.10 7850 
3425 +.07 8100 
3620 00 8210 
3725 -.24 8300 
3900 -.27 8335 
4000 00 8600 
4100 +.06 8750 
4325 +.10 8825 
4500 +.07 8900 
4675 00 9000 
4800 -.09 9100 
4900 -.25 9200 
5030 -.07 9300 
5100 00 9600 
5225 +.05 9750 
5425 +.04 9850 
5550 00 9985 
5775 -.25 10060 
5950 -.42 10150 
6075 00 10250 
6300 +.05 10375 
6475 +.08 10500 
6650 +.12 10700 
6760 +.08 10900 
6910 00 11200 

-.20 sec 
-.37 
-.08 
-.04 

00 
00 

-.15 
-.03 
-.02 
-.01 
-.10 
-,22 
-.16 
-.04 
-.02 
+ .02 
+ ,02 

00 
-.01 
-.04 
-.13 
-.15 
-.09 
-.04 

00 
+ .03 
+ ,02 
+ .01 

00 

Example of calculation of travel-time for EC-CU I travel-time 
curve t 

4900TEC-CU I 4900TEC-SL I 0.25 « 124.90 + 365.06 - 0.25 = 489.71 



TABLE 17 

TRAVEL-TIME CURVE EC-CU II 

Apply indicated changes to trave?-time curve EC-SL II„ Make 
smooth travel-time curve betweer points given« 

Jon Travel-Time Changes km Travel-Time Changes 

2650 
2700 
2750 
2835 
3100 
3425 
3590 
3725 
3900 
4000 
4100 
4325 
4500 
4675 
4800 
4900 
5030 
5100 
5225 
5425 
5550 
5775 
5950 
6200 
6300 
6475 
6650 
6760 
6850 

00 sec 
- « 42 
-.23 

00 
+ ol0 
+ ,07 

00 
-.19 
-.25 

00 
+ .06 
+ .10 
+ .07 

00 
-.09 
-.18 
-.07 

00 
+ .05 
+ .04 

00 
-.20 
-.35 

00 
+ .05 
+ .08 
+ .12 
+ .08 

00 

7100 
7250 
7450 
7700 
7850 
8100 
8210 
8300 
8335 
8600 
8750 
8825 
8900 
9000 
9100 
9200 
9300 
9600 
9750 
9850 
9985 

10060 
10150 
10250 
10375 
10500 
10700 
10900 
11200 

-.18 sec 
-.35 
-.10 
-.04 

00 
00 

-.12 
-.03 
-.02 
-.01 
-.10 
-.22 
-.16 
-.04 
-.02 
+ .02 
+ .02 

00 
-.01 
-.04 
-.13 
-.15 
-.09 
-.04 

00 
+ .03 
+ .02 
+ .01 

00 

Example of calculation of travel-time for EC-CU II Travel-time 
curves 

4900 EC-CU II 4900iEC-SL II 0.18 = 124.10 + 365.06 - 0.18=488.98 



TABLE 18 

Epicenter Locations by Various Travel Time Curves 

Worldwide Data 

Herrin-67 
Latitude Longitude 

45°04.5'N 

44°45.8'N 

51°11.1'N 

54°13.7'N 

30° 32.4'N 

27°29.4'S 

17045.4'N 

27°16.4'N 

13°45.5'S 

18036.7'N 

07°21.C'N 

59°27.3'N 

56#23.2'N 

60°23.8'N 

50°47.8'N 

56o40.3'N 

44°31.6'N 

51°44.4'N 

50°11.5'N 

iO'' 37.0’ S 

53*15.4'N 

05*36.3'S 

53*55.3'N 

06*41.5'N 

04*08.4'N 

19*20.7'N 

51*19.6'N 

41*15.I'N 

40*32.9'N 

15*58.0'S 

32*08.7'N 

29"?1.0'N 

41*47.2'S 

13*32.7'N 

149*27.9’E 

149*59.4'E 

179*19.6'N 

168*11.7'E 

137*35.4'E 

063*30.3*W 

094*11.9'W 

127*23.2'E 

069*18.2'W 

069*19.4'W 

035*48.9'W 

152*03.2'W 

153*59.6'W 

140*52.4'W 

130*06.9'W 

152*56.8'W 

Oil'’ 15.3'N 

178*11.2'E 

176*57.9'W 

078*02.6’W 

159*40.3'E 

076*55.1'W 

160*26.5'E 

073*00.1'W 

076*17.1'W 

155*26.3’W 

179*21.6'W 

144*32.7’E 

139*03.7'E 

173*15.4’W 

131*44.7'E 

140*54.0'E 

083*44.O'W 

089*56.3'W 

EC-CU-I 
Latitude_Longitude 

45*10.9'N 

44*48.3'N 

51*07.6'N 

54*12.5'N 

30*32.5*N 

27*29.3'S 

17*44.3'N 

27*15.0'N 

13*47.9'S 

18*34.8'N 

07*20.3'N 

59*24.4'N 

56*22.3'N 

60*19.8'N 

50*44.9'N 

16*16.4'S 

44*32.2'N 

51*41.9'N 

50*10.0'S 

10*33.3'S 

53*15.6'N 

05*31.8'S 

53*56.4'N 

06*40.I'N 

04*10.3'N 

19*23.0'N 

51*17.4'N 

41*14.4'N 

i0*29.0'N 

15*57.2'S 

32*06.0'N 

28*59.8'N 

41*51.8'S 

13*31.3'N 

149*28.1'E 

149*57.7'E 

179*13.3'W 

168*15.7'E 

137*38.2'E 

063*14.8'W 

094*09.4'W 

127*15.6'E 

069*13.4'W 

069*28.0^ 

035*49.9'W 

151*57.O'W 

153*54.6'W 

140*50.3’W 

130*00.1'W 

071*26.4'W 

031*15.3'W 

178*08.5’E 

176*52.O'W 

077*54.9'W 

159*42.O'E 

076*51.5'W 

160*27.1'E 

073*06.5'W 

076*24.1'W 

155*19.6'W 

179*16.5'W 

144*17.8'E 

139*00.5'E 

173*16.5'W 

131*41.2'E 

140*50.O'E 

083*38.O'W 

089*58.6'W 

EC-CU-II 
Latitude_Longitude 

45*01.4'N 

44*47.3'N 

51*08.7'N 

54*13.8’N 

30*30.5'N 

27*29.4'S 

17*44.8'N 

27*15.I'N 

13*47.5'S 

18*35.7'N 

07*20.6'N 

59*26.3'N 

56*23.I'N 

60*22.9'N 

50*46.2'N 

16*16.0'S 

44*32.2'N 

51*42.7'N 

50*10.4'N 

10*35.7'S 

53*15.8'N 

0.'* 33.1'S 

53‘54.6'N 

06*39.3'N 

04*08.7'N 

19*26.3'N 

51*19.6'N 

41*15.2’N 

40*31.8'N 

15*58.4'S 

32*07.4'N 

29*02.0'N 

41*51.4'S 

13*27.9'N 

149*28.7'E 

149*58.1'E 

179*15.4'W 

168*14.O'E 

137*35.2'E 

063*15.1’W 

094*10.2'W 

127*24.8'E 

069*14.8'W 

069*24.9'W 

035*48.7'W 

151*59.9'W 

153*56.2'W 

140*53.8'W 

130*03.6'W 

071*25.9’W 

031*15.9'W 

178*09.O'E 

176*54.1'W 

077*56.4'W 

159*42.2’E 

076*53.3'W 

160*27.O'E 

073*06.O'W 

076*23.O'W 

155*26.7'W 

179*17.8'W 

144*18.4'E 

139*04.2'E 

173*14.6'W 

131*42.7'E 

140*53.4'E 

083*32.7'W 

089*56.O'W 
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TABLE 20 

Epicenter Shifts 

Events for Which Semi-Major Axis is Less Than 60 Kilometers 

Range of LRSM 
Stations 
(degrees) 

40-66 

49-71 

31-56 

38-61 

22-45 

48-82 

30-52 

29- 48 

30- 51 

54-71 

40-66 

36-58 

EC-CU-1 

Far 
(km) 

61 (out) 

23 (in) 

26 (in) 

44 (out) 

18 (in) 

3 (in) 

17'i 

REãr 
(km) 

40 (in) 

28 (in) 

16 (out)(in/.5) 

20 (in) 

52 (out)(in/.5) 

9 (in) 

165 

EC-CU-II 

fee- 
(km) 

10 (in) 

94 (out) 

61 (out) 

60 (out) 

44 (out) 

29 (out) 

58 (out) 

36 (in) 

40 (in) 

70 (out) 

502 

-wm 
(km) 

6 (out) 

16 (in) 

22 

OUT - Location outside 95% CHI*- Ellipse (S.D. = 0.4 sec) 

2 
IN - Location inside 95% CHI Ellipse (S.D. = 0.4 sec) 

EC-CU-I: (175-165) /12 = 1 km FAR 

EC-CU-II: (502-22) /12 = 40 km FAR 
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TABLE 22 

Slope of Amplitude vs Distance Curve 

Leg Designation 

12.5 

13.4 

14.5 

16.3 

18.2 

19.5 

22.0 

24.2 

Eauationt log A/T «0+8 log A 
fi-Values (Standard Deviation of Residuals) 

-Kirrara-Xllbalã Northwest South 

(Uncorrected} (corrected) 

- 1.9 (.22) 

+ 2.6 (.27) 

+ 0.2 (.34) 

+ 0.1 (.26) 

- 7.2 (.29) 

- .8 (.19) 

+ 4.2 (.23) 

-11.3 (.29) 

- 2.5 (.18) 

+ 1.7 (.21) 

+ (.23) 

+ .8 (.20) 

- .6 (.20) 

- 1.5 (.17) 

- 4.6 (.17) 

-12.3 (.25) 

+ 1.9 *.21) 

+ 0.5 (,26) 

+ 2.0 (.22) 

- 1.8 (.20) 

- 4.2 (.17) 

- 3.3 (.17) 

- 8.5 (.29) 

+ 1.0 (.24) 

- 1.6 (.25) 

+ 0.7 (.21) 

- 3.1 (.20) 

- 0.1 (.18) 

- 0.1 (.15) 



* 
TABLE 23 

log A/T vs A 

At 2700 km, log A/T = 3.00 

Leg 
Equation 

12 

13 

14 

16 

18 

19 

22 

25 

log A/T » 11.50 - 2.48 log A 

= -3.10 + 1.65 log A 

a 1.60 + .30 log A 

=-.25+ .77 log A 

= 5.40 + .65 log A 

= 8.95 - i 55 log A 

= 21.15 - 4.57 log A 

= 51.80 -12.3 log A 

* 
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foreign nationals may be made only 

TAC. 

'aDVANCED^ReTeARcTTPROJECTS AGENCY 
NUCLEAR MONITORING RESEARCH OFFICE 
WASHINGTON, 0. C. 

V 
^ «y MU, a lar,« *Mkar af L*SH itattMi «M a Matar af aariMMkaa fraa all ailaaUa aM 

tka «all caatrallatf aaalaar aaalaalaa*. a atakjr af tka *r tra*at>Uaa caraa ravaalt A* ta ka 
aaarly a «arla* af ttralfkt-Kaat ar la,* tfcraafkaat tka tatal ai i tanca af akaal IM*. Tlaa a* 
■alia* aapDtaka raiUaal* aara fataraUaa far tka ttatlaa* mH a*4 aara faaak ta ka accaftakly 
caMlitaat. Aaalyilt af tka »arlaac* af «ka «avaral aaka* af kaMIIa, tka «ata af aack la, la 
tkaaa akfck «i tf,*ifn*at la laflcatla, tka ralatlva arakaktlftjr af aack aaCal a* aa aaflaaatlaa 
af tka akicrva« «ata. Tka *f ttatUtlc valva, «a,raa* af fraa«ac). ate. ara akami far aack la,. 
Ika existence af real «Iffaraacat la traval-tlaa* aa« Um af Metía veleetty stractara ara 

Illa*trate« ta«tcatta, tkat tka valaclty varia» as a faactlaa af aalMtk, 

Tka vary clase carralatlaa katwaan site ,aale,y aa« avara,a Misa levai as si,sal aMiltaM 
ts «Iscassa« as aell as tkts affect a» M,alta«a calcalatlaM. 

la »««Itlaa, a ceaavta« ■«•factar3 carva «eveleee« fraa tkls ste«y la caaaara« altk tataakar,'» 
aa« aaa ky Claasea af kaatack. ( 

y. 
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•« acv aoNM 

Segmented travel-time curve' 
LRSM and arrays 
"B" factor 
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