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ABSTRACT 

Using a series of 19 explosions with accurately known 

epicenters within a 500 km2 area of the Nevada Test Site, the 

location effectiveness is demonstrated of applying predetermined 

travel-time anomalies to a limited network of tr.leseismio sta- 

tions (comprised of between 4 and 13 station, greater than 1900 

km distance).  Three different travel-time tables were used- 

Jeffreys-Bullen; Herrin 1961 version; and Herrin, November 1966 

version; and two different computer programs:  LOCATE and SHIFT 

the former which minimizes the sum of squares of residuals and 

the latter which minimizes the sum of squares of relative resi- 

duals.  The mean location error for the 19 known epicenters, ob- 

tained without time anomalies, is about 26 km, and with anomalies 

is less than 3 km, regardless of travel-time table and regard- 
less of program. 

It is further demonstrated that neither the number of sta- 

tions in the range of 3 or 4 to 13 nor the distance aperture of 

the network has an effect on the location of known surface events, 
although the azimuth aperture does. 

Confidence estimates are made in three ways:  the standard 

confidence ellipses; maximum-relative-error polygons; and standard- 

devxation contours about the final solution.  It is shown that by 

applyxng travel-time anomalies, the standard confidence ellipses 

which estimate the reliability of the data in a least squares   ' 

sense, can be reduced in area by factors of 1/5 to 1/152 and 
still enclose the true epicenter. 

A discussion is given of the s^bility of travel-time anom- 
alies across the Nevada Test Site ar^A ^nri «-F i*..öi. >.ite area, and of some problems in- 
volved in determining usable anomalies from earthquakes. 
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INTRODUCTION 

It has been well-established that station time residuals 

and travel-time anomalies (relative residuals) are not constant 

but change significantly from one epicentral region to another 

at a rate dependent upon the region and the station or, with 

travel-time anomalies, upon the station-pair separation (see, 

for example, Chiburis and Dean, 1965; Chiburis, 1966a,b, and 

1968).  However, the time errors are reasonably well-behaved 

within each region such that they can be predicted (time- 

calibrated) for additional events occurring in the same region. 

Any location scheme which assumes that there are no time 

errors other than those due to reading; or that a regional or 

azimuthal correction is valid for all stations in a network; 

or that a single-station correction for one region is adequate 

for another will necessarily do a poor job of locating epicen- 

ters.  This report then, is primarily concerned with the tele- 

seismic location accuracy obtainable for a particular region 

by using either station residuals, travel-time anomalies, or 

no corrections at all.  Secondarily, we are concerned with the 

performance of two computer programs presently in use at the 

Seismic Data Laboratory, LOCATE and SHIFT.  The principal dif- 

ference between the two programs is that SHIFT minimizes in a 

least-squares sense the relative-anomaly errors rather than 
the absolute residuals. 

Also investigated is a technique whereby limits of the 

solution are estimated either on the basis of an acceptable 

network standard deviation of time errors or of maximum 

relative-time errors at any station pair within the network. 
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DEFINITIONS 

Travel-Time Anomaly. 

The travel-time anomaly at station i relative to station j 
is defined as 

Ai/j = Ti " Tj " Hi + «j + e. - e. 

where T is the observed arrival time, H is the expected travel 

time according to some travel-time and distance relationship, 

and e is a correction for ellipticity.  In this report, values 

of H were computed from the Jeffreys-Bullen, Herrin 19 61, and 

Herrin 1966 (November) travel-time tables.  The above definition 

of anomaly makes no assumptions concerning crustal P-wave veloc- 

ities (for station elevation corrections); it simply measures 

the net effect of all causes of travel-time errors at any sta- 

tion with respect to any arbitrary reference station. 

Residuals. 

The residual at station i is 

R. = T. - To - (H. ♦ d.) 

where To is event origin time and di is a correction both for 

ellipticity and for the elevation of the ith station assuming a 

value for the angle of incidence and for the P-wave velocity 

between the station and sea-level.  Here, H is computed from 

the Herrin 1961 table which is the standard relationship in the 

particular version of LOCATE used for this report. 

1 
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METHOD 

The program LOCATE uses the standard Seiger technique, 
briefly described as follows: 

Let the errors which are to be minimized in a least-squares 
sense be defined as 

E. ■ R! - R? + R. 
ill   i   i 

where R? is the observed residual at station i, R. is the 

previously-determined residual for that region and R! is a theo- 
retical residual such that :L 

3H.      3H.      3H      an 
«i i m.». Z,TO, .^ dx + ^ d* + ^i dz t .^i dT 

o 
where A,*, Z, and To are respectively the event longitude, lat- 

itude, depth, and origin time, and H is the expected travel time. 

As a change in origin time is the same as a change in expected 
travel time. 

9H. 
!- - 1. 3T - 
o 

Also, to compare the two programs more closely, depths were re- 
strained throughout such that 

3H. 
1 = 0. 3Z - 

Therefore 
3H.       3H. 

Ri = 3A^- dA + 3^ d* + dTo 
N 

It is desired that J E* be a minimum for N stations so 
i = l 

3     v       2 
ä^j- < .1  E.) = 0   k = 1,2,3 

x   1-1 

where Mj^ = dA, y2 = d(j), and y, = dT 

-3- 



This differentiation yields three normal equations which can be 

solved simultaneously for the errors in the event parameters dA, d*, 
and dT . 

o 

The program SHIFT, on the other hand, defines an anomaly error 
at station i relative to station j as 

dAi/3   -  Al/j " h/1 

where Ai/j is the previously-determined relative anomaly for that 

region.  The relative errors to be minimized in a least-squares 
sense are 

Ei/j = ^i/j " ^i/j 

where dAI/. are the theoretical relative anomalies such that 

where c. is the average error, or bias, at the reference station j. 

It as desired to minimi 

9 

imize I    E..., so, as before, 
i=l ^'J 

9  .  r  2 

*%        ill Ei/J) = 0  k = 1'2'3 

where Pj. = dX, M2 = d0. and ^ = c. . Solving these three normal 

equatxons yields the event-parameter corrections dA, d*, and the 
reference-station bias  c. 

-4- 



DESCRIPTION OF THE DATA 

All of the time data used in this study were derived from 

nuclear explosions detonated within the Nevada Test Site (NTS) 

area (Figure 1).  Table I lists the event information.  The 

events selected as references from which residuals and anomalies 

were measured are Bilby or Tan, the series of Bronze, Corduroy, 

and Buff, or the series of Nash, Agile, and Commodore.  These 

several events were necessary so that residuals or anomalies 

could be obtained for an adequate number of recording stations. 

Table II lists the station anomalies, relative to RK-ON, com- 

puted from the three travel-time tables, in addition to the 

residuals computed from the Herrin/1961 table. A key letter, 

indicating which series of events were used as references in 

determining the corrections, is given in the last column. 

PROCEDURE 

Station records of all explosions were routinely read, with 

the identical networks of stations and arrival times being used 

for both programs.  Depths for all events were restrained to the 

surface.  Raw arrival times (Table III) were input to SHIFT and 

used within the program in conjunction with the appropriate in- 

put travel-time anomalies.  For LOCATE, station arrival times 

were corrected by the residuals prior to their input into the 

program.  These input times for LOCATE are obtained by sub- 

tracting the residuals in Table II from the arrival times input 
to SHIFT (Table III). 

A description on the use of program SHIFT is given in 
Appendix I. 
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RESULTS OF LOCATION 

Without Time Corrections. 

Table IV liets the location errors, in kilometers, „hen 

: "hTt lsrranomaiiesarearoiied-«-«^ -^ 
LOCATP •     1Ptlclty,•  The mean error for 17 events using 
LOCATE 1, seen to be 25.8 km and using SHIFT (Herrin 61, 25 9 km- 

he results from the two programs using the same travel-tim 

tab eW56^:11' " a8reement- With the J-B a"d «s-in SB tables, the results using SHIFT are 27.7 km and 20.8 km re- 
spect.vely  It i8 not known at ^ ^ .f       rent 

better results obtained by using the Herrin 66 table are slg- 

samo'r^f" ""■  " WOUld ^ neCeSSary t0 ^«f ^ ^rger 
sample of events to determine the effectiveness of this table 
for the networks used in this study and for the NTS area. 

the be^t """T aVeraEe err0rS 0f abOUt 26 ta' demonstrate 
the best one could hope to do when no allowances are made for 
residuals (LOCATE) or anomalies (SHIFT). 

With Time Corrections. 

When the residuals or anomalies are determined for a 

particular region, such as the Nevada Test Site, and for each 

station which 1. to be used in subsequent location networks 

the resultant location errors can be reduced by at least a ' 
or er of magnitude. Table v 1.sts ^ ^J ^^^^ - 

kilometers, when either residuals (LOCATE) or relative ano- 

ma ies (SHIFT) are applied to the event arrival times.  T e 
mean error for 17 events using LOCATE 1. ™„ «o-Lijg uu^niL  is now seen to he>   o   QA U> 
and u in  SHIFT (Herrin 61) 2.8S to.  Again, the mean vaL 

from either program are in agreement, although individual event 

hi ^ f":      ^ aS mUOh aS 4-1 ^ b"— «- t"= method 

PU n. i      .^   ' ^ COUrSe' that the »~«~-« «• im- puting in Significantly different ways but yieid about the 
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same answer on the average. Using the J-B and Herrin 66 tables, 

the SHIFT mean errors are 2.92 km and 2.59 km respectively which 

suggests that when anomalies are applied, any reasonable travel- 
time table is adequate. 

Actual Time Errors. 

Although the events used for locating in this study were of 

a reasonable size which made film reading straightforward, time 

errors at the stations due to misreading, imperfectly-known 

anomalies, etc., were far from negligible.  Actual time errors at 

station i relative to mean zero for the jth event are shown in 
Table VI, computed as 

if   «4   . Ä.,  - Ej 
1/0   i/r   i/r 

where A3 is the anomaly for the jth event, I is the previously- 

measured input anomaly for the region of the jth event, and E3 

is the mean error for the jth event.  Also included in this table 

are the errors for Ä = 0 (which assumes that there are no ano- 

malies).  Event standard deviations are given at the far right 

of the table.  As shown in the table, the actual standard devi- 

ations when anomalies are not used average about 0.86 sec, with 

errors as high as 1.9 sec.  When allowances are made for the 

anomalies, the actual standard deviations average about 0.16 sec, 

a reasonable figure for reading error alone, although individual 

errors are as high as 0.8 sec.  The point to be made is that the 

set of events used for testing the validity of applying anomalies 

is not unusual, because reading or other time errors are not 

particularly small, some even being quite large. 

A similar study is presently being undertaken in which the 

set is composed of low-yield events, at least in a signal-to- 

noise ratio sense.  However, selecting this set so that the events 

are recorded at a significantly smaller size than those used in 

this study is difficult because several of the events listed in 

Table I have quite low recorded signal amplitudes due to 

-7- 



^i ■■■■ 

deliberately-reduced station magnifications.  The computed 

magnitudes, where known, are given in the following list for all 
17 events: 

Event Magnitude 

Fore 5.2 
Buff 5.1 
Chartreuse 5.? 
Auk 4.9 

Piledriver 5.5 
Bourbon 5.1 
Dumont 5.5 
Agile Not Calculated 
Nash 5.2 
Commodore 5.7 
Greeley 6.3 
Klickitat 5.0 
Turf 1.9 
Piranha Not Calculated 
Scotch 5.5 
Corduroy 5.6 
Bronze 5.2 

Film Reading of First Extrema. 

One of the methods used in this study, which can substan- 

tially reduce errors, is to permit readings of times other than 

those for first motion.  Regardless of event size, first motion 

is usually difficult to read consistently to within 0.1 sec. 

However, by reading the arrival time of the first extremum 

(peak) rather than first motion at all stations, timing is con- 

siderably more precise.  Therefore, most of the events in this 

study were read for this phase, although a few were so large 

the traces went off scale forcing the reading of first motion. 

The excellent location results show that, by reading either 

-8- 
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first extrema or first motions, one does not lose, and may 
actually gain, network capability. 

.Vumber of Stations. 

The number of stations of which the networks were comprised 

for locacing the set of 17 NTS events varied between "+ and 13. 

Figure 2 shows the location errors, in kilometers, as a function 

of the number of stations for SHIFT-H61, both with and without 

anomalies.  The results without anomalies show no dependence on 

the number of stations, and those with anomalies are too few to 

derive a clear relation.  This result suggests that it is not 

necessary to require a large number of stations for locating 

accurately if proper allowances are made for the station travel- 
time anomalies. 

Effect of Aperture. 

Figure 3 shows the location errors in kilometers, of the 

17 events as a function of azimuth aperture which is calculated 
as 

de. = |e  - e . 1 i   ' max   mm1 

where 6 is epicenter-to-station azimuth.  Included on the figure 

are the results obtained both with and without travel-time 

anomalies.  The errors appear to have a fairly certain dependence 

on the aperture of the azimuth, especially for the results ob- 

tained with anomalies.  The actual dependence is hard to ascertain 

due to lack of data points at apertures less than 80°.  This 

effect is presently being investigated. 

The effect of distance aperture on the location error is 

negligible, as seen in Figure 4, both with and without anomalies. 

-9- 
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CONFIDENCE REGIONS 

Confidence regions were computed „ithin SHIFT in the usual ~ :r m:n'l965, for ai1 events-—^ - ^ treVel.t    nomalles_  Table VII i.stS) ^ ^ 

the computed .lUpM. and the factors of ^^ ^ 

areas „hen anomalies are used, without anomalies, two events 

evel ^C
h
hartreUSe, Were ~* •""» ^ ellipse at the 95» 

level  wzth anomalies, all events were „ithin the ellipse and 
the ell.pses were reduced in area by factors of 5 to 152. with 
an average reduction of about «. This reduction in elapse 

area pc.nts out the necessity and value of travel-time anomalies. 

Maximum Relative Errors. 

When computations are made for confidence regions, the 
varxanoes or standard deviations, of the final solutions are 

used m the estimates.  These variances are merely indicators 
of the goodness-of-fit in the least-squares procedures and if 
the nu b  of degrees of freedom .s ^^^ ^  ^^^^^ 

hence, the conf.denoe-region estimates become unrealistic. 
Cln fact, when as few as three stations are used, no estimate 
at all can be made of the location error, as the solution is 
unlque). For example, the events Bourbon and Scotch have 

TZTIT" *Ct,lal  ""^ deviati°- * 0 •• and 0.23 sec 
(Table VI, w.th travel-time anomalies) and N.I and 5. The 

1  T6 T6? ^ B0Urb0n " ni8 ^  and the lu-tion error is 
.9 to. wh.le for Scotch the area is 2309 Xm* and the error is 

tte 111    e  ^ arSaS are abn—"V "igh due strictly to 
the small „umber of stations used in locating, although the time 

ta from these stations and the network apertures are as good 
as the data and apertures from the other networks. Therefore, 
when few stat.ons are used in locating events, it may be of vllue 

sbiT::i::-thetiocation error by considering ^ -^- ^- 
IZJT err0r at "^ St"ion-Pa- - the network 
rather than a stat.stlcal estimate using the variance of the 
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goodness-of-fit.  In this way fairly good estimates of location 

error can be made even when the number of stations is three. 

Figure 5 shows the maximum relative errors (X100) using 

Bourbon data for a grid of locations about the final SHIFT 

solution.  This grid is computed as an option within SHIFT by 

subroutine SIGRID.  The scale in latitude is 1.0 km and in 

longitude 2.4 km between center points of each number field of 

4 spaces.  With this proportion, the scale is equal in all 

directions.  The errors at each grid point are computed as 

Ei/r = Ti " Hi - Tr 
+ Hr - Ai/r  i = 1,2,...,N 

where all quantities have previously been defined. The maximum 

relative error, regardless of reference station bias, from this 
set of N errors is then 

max ^ ^i/r^ax " (Ei/r ^in 

at each f.rid point. 

The dashed-line polygon in Figure 5 is the contour of the 

(known) naximum relative error (0.18 sec) at the true epicenter 

marked at X.  The circle enclosing the value 0.11 is the max- 

imum relative error as a result of the final solution obtained 

with SHIFT-H61.  The solid-line polygon is the contour of the 

maximum relative error estimated to be 0.4 sec (0.3 sec higher 

than that at the final solution) for this event.  A seismic 

analyst can usually estimate his reading errors quite well, and 

if the effects of previously-determined relative travel-time 

anomalies are removed (they must be determined, not estimated), 

the estimates can be used to contour the maximum relative error. 

A relative error estimate of 0.4 sec is liberal for an event of 

the size of Bourbon, but it is an example of the manner of using 

any estimate.  The approximate area of the estimated polygon is 

less thar 340 km .  The area of the corresponding ellipse pre- 
viously computed (Table VII) is 7118 km2. 

-11- 



Figure 6 shows similar results for Scotch.  Again, an error 

estimate 0.3 sec higher than that obtained from the final solu- 

tion (0.5 sec) is used to contour 0.8 sec.  The approximate area 

of the estimated polygon is less than 400 km compared to 2309 

km of the standard confidence ellipse. 

Although Scotch was a large event and the reading errors 

were expected to be small, an actual maximum relative error of 

0.7 sec is observed.  The reason for this appears to be the 

slight instability of the relative anomalies for the Nevada Test 

Site.  Scotch was located about 40 km to the northwest of 

Bourbon, and henoe about 40 km from the area of the reference 

events used for determining the anomalies.  For networks the 

size of that used for Scotch (80° azimuth aperture), it is not 

surprising that the anomalies are not constant. 

Figures 7 and 8 show the maximum-relative-error grid for 

a network of three stations obtained by deleting SV3QB from 

Bourbon and SV3QB and PG-BC from Scotch.  For three stations, 

it is impossible to estimate the location errors by the usual 

means as the statistical degrees of freedom are reduced by zero. 

However, with maximum relative errors, reliable estimates can 

be made. Again, for Bourbon, which is located within the area 

of the reference events, an error estimate of 0.4 sec is con- 

toured (Figure 7), and for Scotch, 40 km from the area of the 

reference events, an error estimate of 0.7 sec is used (Figure 

8).  The approximate areas of the polygons for Bourbon and 
2 2 

Scotch are 350 km and 630 km respectively.  Therefore, by 

using estimates of the maximum relative errors, reasonable 

estimates of location errors can be made when the usual statis- 

tical confidence estimates are impossible to compute. 

Standard Deviation Ellipses. 

Subroutine SIGRID also produces an output of network stand- 

ard deviations, in addition to the maximum relative errors, for 
a similar set of grid positions. 

-12- 
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Figure 9 shows the zero-mean standard deviation output for 

Bourbon, with anomalies.  The values (X10 0) at each grid point k 
are computed as 

- 1/2 

I 
i = l 

(A, ,  - A. ,  - E ) K/r   i/r   r 

N-2 

where A is the computed anomaly at k, Ä is the predetermined 

anomaly, and Er is the average error, or bias, at the reference 

station r.  This output actually shows how the least-squares 

procedure within SHIFT minimizes the sum of squares (or standard 

deviation) of errors.  Tne dashed-line ellipse is the contour of 

the known standard deviation of time errors for Bourbon.  The 

standard confidence ellipse would be the same as that shown in 
Figure 5. 

Therefore, by using the parameters of the computed confi- 

dence ellipse, the maximum-relative-error SIGRID, and the 

standard-deviation SIGRID, the utmost information is being 
elicited from the time data. 

-13- 
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IMPROVING THE ESTIMATES OF TRAVEL-TIME ANOMALIES 

The computed travel-time anomalies used in this report were 

derived from a few selected reference events to show the tele- 

seismic network capability for locating events in the Nevada 

Test Site area.  It is known that the anomalies, for some stations 

and for this area, are not constant but exhibit some variability 

at different positions within the area shown in Figure 1.  A 

much better estimate of the true travel-time anomaly for the NTS 

area can be obtained by averaging the anomalies at each station 

for all 19 events in this study.  These average anomalies, given 

in Table VIII using the Herrin 66 travel-time table, should be 

used for locating new events in the NTS area when a network is 

comprised of any of the listed stations.  Table VIII is a com- 

puter output of program TIMEANOM; the key circled numbers show., 

are described in Appendix II.  Tables IX and X list the station 

anomalies for the Jeffreys-Bullan and Herrin 61 travel-time 
tables respectively. 

Other Variables for Computing Anomalies. 

All of the station anomalies in this report were, of course, 

computed from nuclear explosions, the positions of which are 

extremely well known in the three dimensions of latitude, long- 

itude, and depth.  Past studies (Chiburis and Dean, ibid, and 

Chiburis, ibid) and studies currently in progress show that 

earthquakes are not quite so well behaved a£ explosions for sev- 

eral reasons.  First, simple epicenter mislocations can yield 

errors in anomaly estimates as high as two or three seconds for 

large networks.  The mislocation effect is described in Chiburis 

and Dean, ibid, p. 31 ff.  Second, and perhaps more serious, 

depth effects must be taken into account.  There are no reasons 

to suppose th.vt the anomalies measured for shallow events in a 

particular region may not change significantly for deep events 

in the same region.  Added to these effects are the problems of 

depth errors in the located events. 
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One of the current studies at the SDL has shown conclusively 

that for a North American Network of 21 ^RSM stations, the station 

anomalies computed from the explosion LONG SHOT on Amchitka Is- 

land are not in as good agreement as expected with the anomalies 

computed from earthquakes in the large region of the Rat-Andreanof 

Is. at depths of 15 km to 300 km (discrepancies as large as 1.5- 

2.0 sec). At least part of the difficulty seems to be associated 

with hypocenter mislocation, because when the set of earthquakes 

was relocated by using the LONG SHOT anomalies, most of the 

epicenters shifted an average of about 50 km after which, in 

general, the serious time errors were significantly reduced. 

Certainly the LONG SHOT anomalies are not valid for all of the 

events in the set because the linear size of the region is about 

800 km or more, much too large for a single set of anomalies to 

exist throughout, but they should be valid for events very near 

LONG SHOT and these still shift 40-50 km.  Figure 10 shows the 

directions of the shifts, indicating that large bias effects 

may exist for the Andreanof locations as reported by the U.S.C. 

and G.S.  This study is continuing. 

Anomalies vs. Residuals. 

The preceding results indicate that comparable location 

accuracies for explosions are obtained when using either rela- 

tive anomalies or absolute residuals.  The question may arise 

then as to what differences, if any, one may expect when trying 

to determine a true, physical time correction for an earthquake 

region.  Some of the possible differences are as follows: 

1. Origin time errors (serious for some earthquakes) play 

no role when relative times are used; time bias is removed, so 

that events in the same region may be compared with one another 

in determining the actual anomaly. 

2. First extrema as well as first motions can be read to 

determine consistent corrections from different events in the 

same regions.  This is important if one has only a few small 
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events for time calibrating. 

3.  When using residuals, the defined regions can be greater 

in number and smaller in area than when using anomalies, and the 

problem of time calibrating the earth becomes more difficult.  A 

simple case qualitatively illustrates this point where Figure 11 

shows a geologically faulted area composed of two different crus- 

tal media I and II with average P-wave velocities of f.   and V . 

The network stations are labeled 1, 2, and 3 each having a res- 

idual from an event in medium I computes an R^, R^, and RJ and 

anomalies relative to station 1 computed as 0, A*, A1, .  For 

an event occurring in region II, however, each of the residuals 

will have a bias added to them due to the different velocity in 

the vicinity of the source in this region; the anomalies, how- 

ever, would be expected to change only slightly because the 

hypocenter-station raypath differences between the two (tele- 

seismic) sources would be negligible.  Hence, for each of the 

stations there would have to be two residual regions but only 

one anomaly region.  Of course, for stations situated on the side 

of region II and opposite to the reference station, there would 

then be two regions for both residuals and anomalies.  However, 

at least some reduction In the time-calibration regionalization 

should be realized when relative anomalies are used. 
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CONCLUSIONS 

The following conclusions are made concerning the results 

obtained by analyzing 19 nuclear explosions detonated within a 
2 

2500 km area of the Nevada Test Site.  Seismograms were used 

from teleseismic stations forming networks of four to thirteen 

stations. 

1. For limited-station teleseismic networks, the location 

capability, for 17 events occurring in the Nevada Test Site and 

without applying previously-determined residuals or travel-time 

anomalies, is about 26 km, regardless of the program used (LOCATE 

or SHIFT) and regardless of the travel-time table employed 

(Herrin 61, Herrin 66, or JB tables). 

2. The location capability for the same networks and time 

data is better than 3 km when previously-determined residuals or 

travel-time anomalies are applied, regardless of program and 

travel-time table.  That is to say, when these travel-time curves 

can equivalently be replaced by observed travel times from each 

station to an accurately known explosion point, the particular 

curve selected as a standard is essentially irrelevant and epi- 

centers of other nearby explosions can be located within the in- 

dicated error limit. 

3. The effect of the number of stations in the range from 

3 or U to 13 on the location capability of the networks used in 

the study is negligible, either with or without travel-time anom- 

alies . 

4. The effect of the range of epicentral distances (distance 

aperture) on the capability of locating known surface events with 

the same networks is negligible, either with or without travel- 

time anomalies. 

5.  The azimuth aperture has an observable effect on the 

location capaMlity of the networks where, for apertures down to 

60°, the location errors without travel-time anomalies are as 

high as 60 km, and with anomalies 6 km. 
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6. The areas of computed confidence ellipses can be reduced 

by factors of 1/5 to 1/152 with the application of travel-time 

anomalies and still enclose the event locations which, for this 

study, are accurately known, as are the explosions used to cali- 

brate the praticular epicenter-station paths used in the study. 

In effect, these reduced ellipses represent uncertainties in the 

position of the epicenters relative to the positions of the calib- 

ration events. -^ 

7. With as few as 1 or 5 stations, computed confidence 

ellipses with anomalies are unrealistically large due to the small 

number of statistical degrees of freedom.  (The Bourbon explo- 

sion, with 4 stations, has an ellipse 7,000 km and a location 

error of 1.9 km).  Estimates of the maximum relative time errors 

for a network ox stations permits more realistic confidence limits 

to be set on the solution.  In this way. Bourbon's confidence 
2 

polygon is about 3»+0 km .  Also, as few as three stations can be 

used to obtain the confidence limits when maximum relative errors 

are estimated. 

8. Travel-time anomalies, computed from a few selected 

events, show some variability across the NTS area in Figure 1, 

but the effect on relative location accuracy is small.  The size 

of the area in Figure 1 is about 2500 km , implying xhat fairly 

large regions are involved for determining reasonably constant 

anomalies, so the problem of time calibrating a stationary net- 

work for any region of the earth from which either explosions 

at accurately known locations or earthquakes (bias effects not 

included) are recorded is not formidable.  In either case, if 

accurate locations are not independently known, the epicentral 

solutions with anomalies included reduce to locations relative 

to one another with the actual error of the whole set remaining 

unknown. 
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9.  Relative anomalies for earthquake regions can be simpler 

to assess than absolute residuals because (a) origin time errors 

are eliminated; (b) first-extremum anomalies and first motion 

anomalies from several events can be combined (except when ob- 

vious period differences are noted); and (c) depending on the 

region and on the network geometry, the regions for which the 

calibrations need to be determined can be fewer in number and 
larger in area. 
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TABLE I 

Event Information 

Event Date Or Lgin Time Latitude Longitude 
No. of 

Stations 

AUK 02 Oct 64 20 03 00.0 37.078N 116.009W 6 

FORE 16 Jan 64 16 00 00.1 .142 .049 12 

DUMONT 19 May 66 13 56 28.1 .111 .058 8 

CHARTREUSE 06 May 66 15 00 00.1 .348 .322 7 

TURF 24 Apr 64 20 10 00.2 .150 .055 10 

KLICKITAT 20 Feb 64 15 30 00.1 .151 .040 9 

PILEDRIVER 02 Jun 66 15 30 00.1 .227 .055 7 

BRONZE 23 Jul 65 17 00 00.0 .098 .033 9 

CORDUROY 03 Dec 65 15 13 02.1 .165 .052 9 

BUFF 16 Dec 65 19 15 00.0 .073 .029 8 

GREELEY 20 Dec 66 15 30 00.1 .302 .408 13 

PIRANHA 13 May 66 13 30 00.0 .087 .034 9 

NASH 19 Jan 67 16 45 00.1 .144 .136 7 

BOURBON 20 Jan 67 17 40 04.1 .100 .004 4 

AGILE 23 Feb 67 18 50 00.0 .127 .067 7 

COMMODORE 20 May 67 15 00 00.2 .130 .064 5 

SCOTCH 23 May 67 14 00 00.0 .275 .370 5 

BILBY 13 Sep 63 17 00 00.1 .061 .022 14 

TAN 03 Jan 66 14 00 00.0 .068 .035 8 



TABLE II 

Station Anomalies and Residuals 

Station 

AD-IS 
AX 2 AL 
BE-FL 
BL-WV 
BR-PA 
CP008 
DH-NY 
EB-MT ' 
EN-MO 
EU-AL 
GG-GR 
HN-ME 
KC-MO 
LV-LA 
LZ-BV 
NP-NT 
OO-NW 
PG-BC 
PZ-PR 
SI-BC 
SV2QB 
SV3QB 
WH2YK 
RK-ON 

Anomaly Relative to RK-ON 
Herrin 61  Herrin 66 JB 

+1. 11 sec + 0. 04 sec + 0. 57 
+ 2. 21 + 1. 61 + 2. 23 
+ 1. 11 + 1. 11 + 1. 15 
+ 0. 66 + 0. 61 + 0. 84 
+ 0. 74 + 0. 76 + 0. 84 
+ 1. 51 + 0. 86 + 1. 55 
+ 0. 09 + 0. 03 + 0. 11 
-0. 84 + 0. 08 -0. 68 
+ 0. 08 + 0. 54 + 0. 04 
+ 2. 66 + 1. 94 1-2. 71 
+ 1. 06 + 1. 00 + 2, 07 
+ 1. 11 + 0. 55 + 0 97 
+ 1. 71 + 1. 81 + 1. 45 
+ 1. 51 + 1. 90 + 1. 48 
+ 0. 90 + 0. 94 + 1. 19 
+ 1. 88 + 0. 96 + 1. 52 
-0. 01 + 0. 01 + 0. 52 
+ 2. 66 + 2. 94 + 2. 57 
+ 2. 28 + 1. 17 + 1. 53 
+ 1. 87 + 2. 81 + 2. 05 
+ 0. 35 -0. 37 + 0. 16 
+ 0. 35 -0. 37 + 0. 16 
+ 1. 36 +1. 13 + 1. 50 

0 0 0 

sec 

Residual Event 
Herrin 61 Key* 

-1.1 sec B 
+ 0.2 A 
-0.9 A 
-1.6 A 
-1.5 A 
-0.6 A 
-2.2 A 
-3.1 A 
-2.0 B 
+ 0.6 A 
-1.2 A 
-1.0 A 
-0.7 D 
-0.6 A 
-1.9 A 
-0.2 A 
-2.4 A 
+ 0.3 C 
+ 0.1 A 
-0.2 A 
-2.0 A** 
-2.0 A 
-0.8 C 
-2.1 A 

*A = Bilby-Tan 
B = Bronze-Corduroy-Buff 
C = Nash-Agile-Commodore 
D = Gree ey 

Ä*Set equal to anomaly for SV3QB determined from A 
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EVENT 

Buff 

Turf 

Corduroy 

Nash 

Bourbon 

Piledriver 

Bronze 

Auk 

Piranha 

Fore 

Greeley 

Dumont 

Chartreuse 

Commodore 

Agile 

Scotch 

Klickitat 

I 
Mean error, km 

TABLE IV 

Location Errors when Neither Residuals 
nor Anomalies are Used 

NO. OF 
STATIONS tOCATE-H61 SHIFT-H61 SHIFT-H66 SHIFT-JB 

8 9.1 8.6 10.9 5.7 

10 It.5 15.0 8.0 18.3 

9 11.6 10.8 5.2 6.3 

7 17.2 18.1 13.4 23.1 

4 4S.0 49.0 17.6 42.6 

7 39.6 39.3 37.7 41.9 

9; 13.3 13.1 8.5 12.3 

6 7.1 7.2 3.7 4.8 

9 41.1 40.4 45.5 46.3 

12 38.1 38.5 20.0 36.6 

13 10.1 12.3 11.6 25.5 

8 43.0 43.6 44.9 47.1 

7 60.0 59.8 48.5 62.8 

5 11.1 10.9 23.3 12.6 

7 23.4 23.0 15.0 27.7 

5 17.4  * 17.8 26.6 / 19.6 

9 33.5 33.7 12.8 38.2 

438.1 441.1 353.2 471.4 

25.8 25.9 20.8 27.7 

IHN 
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TABLE V 

Location Errors When Residuals 

or Anomalies are Used 

EVENT 

Buff 

Turf 

Cordaroy 

Nash 

Bourbon 

Piledriver 

Bronze 

Auk 

Piranha. 

Fore 

Greeley 

Dumont 

Chartreuse 

Commodore 

Agile 

Scotch 

Klickitat 

I 
Mean error, km 

NO. OF 
STATIONS 

8 

10 

9 

7 

4 

7 

9 

6 

i 

12 

13 

8 

7 

5 

7 

5 

9 

LOCATE-H61 

2.4 

0.5 

1.6 

5.8 

2.8 

2.0 

4.2 

3.1 

0.8 

3.3 

1.0 

2.2 

5.7 

4.1 

1.5 

3.e 

6.1 

_SHIFT-H61  SHIFT H66  SHIFT-JB 

0.1 

0.1 

1.0 

1.7 

1.9 

2.9 

3.0 

3.0 

3.1 

3.2 

3.3 

3.4 

3.6 

3.7 

3.9 

5.0 

6.0 

0.3 

J.2 

0.9 

1.4 

2.1 

1.5 

2.7 

2.9 

2.7 

2.9 

3.8 

3.0 

3.7 

3.2 

2.4 

4.8 

5.6 

0.2 

0.1 

0.9 

1.8 

1.9 

3.3 

2.9 

3.0 

3.2 

3.1 

3.3 

3.k. 

4.2 

3.3 

3.1 

5.7 

6.2 
50.7 

2.98 

48.9 

2.86 

44.1 

2.59 

49.6 

2.92 
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TABLE VII 

Confi .dence Regions 

SHIFT-61 

Event 

Ellipse 
Without anomalies 

a 

( Areas km 
With anomalies 

b 
Improvement 
Factor, a/b 

6 

Nc  of 
Stations 

Fore 2059* 348 12 

Buff 2HC2 50 48 8 

Chartreuse IOUI* 131 8 7 

Auk 10035 66 152 6 

Bourbon 206088 7118 29 4 

Dumont 1495 52 29 8 

Agile 4020 234 17 7 

Nash 7256 113 • 64 7 

Commodore 27698 288 96 5 

Greeley 2620 96 27 13 

Klickitat 2384 202 12 9 

Turf 2513 524 5 10 

Piranha 2159 15 144 9 

Scotch 37869 2309 16 5 

Corduroy 1554 25 62 9 

Bronze 2038 25 81 9 

Piledriver 1593 79 20 7 

*Confidence ellipse does not contain true epicenter. 



01 I] «a 
TAHU VI! I 

»il>tl«t        I   u   .   ■   ,   [ t»<t*^ll^i 

(TJ   tgalMtla«»!..!!»   ILLS 

itiil    10      tf3«6   NH 

QniH\   IHßt        QüHHNl.1,   »7|.utH    (ij)«u.l<        »«8«L 

QlNCLUDINI.  Ell-iaMCIT* 

Mill 

0 •€»fn»Cf    «T«IIIBI     •«.<)« 

0i   Mitt   PILEIIHIVra 
53  DIC69  COftpja&r 

(6 H«V«4 Ctanr 
2« *!»««< Tuar 

?n "l»»7    gmKMeM 
<J  >ia»7    ar,|l.t 
iJ   JULi>   I»"«'! 

IV   NltftA   i.iJ>*nM 

u nfcra^ burr 
1« JO.61 «tSH 
IS ^E»»} CILBf 
OS   JUN«4   TAN 
13 »>»»;    score« 
?0   0Fr6*   r,BFfl.tT 

2331.2V 
213»,IV 
2336.«') 
2137,4« 
213',»u 
233'.«u 
233X,»' 
233»,'• 
21411.1» 
234U,»» 
2140.7/ 
2.140.»V 
2341,»J 
2.142,34 
2342.aa 
2142.» 
2343,I« 
214«,3« 
2146,3V 

93«.16 
93«.o3 
737.4» 
73*.42 
7!".1)1 
717.4V 
737.4.» 
737,4« 
23'.»» 
237,(6 
737.au 
747.»4 
737,«6 
217.62 
234.13 
737.7« 
7l7.«3 
734.76 
734,47 

01V6«4U6(n) 
4IU«« 

■llj 
.©„»j 

NUT»  ' ntf   .  2J7,«   tu  7ia.v  OH-.'tH 

«•'I     »L-IIV     aa.a«     c'Ona     DM.N«     FS-«I      aN.no 

'1.*?* i.?«fr n a .•«o a 0 a 
a l»fW .a.f ....« .»»3 a .M« 1 
u 0 1.0«? .24« .»17 1 • 

1.86U • • a 1 .40« 1 A 9 
.1 0 •«71 .646 1.52« 

.Ma 
.444 .30< ft ■ 

1 • .»3t .«49 •t»^ 1 '•M4 

1 0 f) 0 1 A | t 
0 0 0 6 ft • 1 
t ft 8 I .74« j a I 
g 0 .«ftfl .••6 .446 •342 0 0 0 
II 1 0 0 1.»14 .01? It • | 

i.rn t.Jf? n 4 .943 n n A 
l.»07 |*Mf 1 f .»21 n 1 | 

1 0 0 0 .tar A .4117 « 
i • 0 0 .«3a A A 1 
0 a -A6' ,74« .477 .4 1? .!•» | l.fl» 

I.»10 i .lid ^ n .«14 | | || 
0 0 • 1 A | A 

l.flV) 1.«17 0 0 1.11« A n t.»7fl 

I,/4ft. i.^et* .79»* .«3o« .«!«• .1«" .2»« .9*« !.«•«• 
tM* .11? .1«» .161 ,147 .74« .?•» .1?» iM4 * I » 6 1« 4 4 9 3 

FVEII NJIIE I'lillt   I7|>UTH Ktl'Ht «C    »0 12-»» N»-"I UH^TR SViOfe 

92    JUNt« 
03 Dioaa 
20 'f»«4 
0« XAT66 
24 IP*«4 
I«   .I4V64 
21 JAN67 
2U 4Ar6' 
it ((467 
23 JUl 6' 
a' 00164 
IV Ha»66 
13 «A»46 
1« Olrtl 
16 .H16' 
13 ll«tl 
U3 JUVt« 
23 ««»67 
20   OEP«« 

fIl|J«I»t» 
CORDUNOV 
■LTC«II«I 
CHART 
1UR7 
I ORF 

ROU«60N 
COMIOUuHfc 
A0II.E 

BRO«2F 
• UR 
OUKONT 

aiaAMHA 
HUFF 

RAS« 
HILsr 
TAR 

JCotCH 
CRFtLt» 

2331.2» 
2.136,1» 
2136,63 
213»,46 
213',60 
213'.»u 
2134,6/ 
233»,74 
2340,1> 
2.140,96 
2.1«0,7' 
21«il.9» 
21«1,»3 
2342,36 
2342,•» 
2142,»» 
2343,1» 
2146,30 
2146,3» 

RlliN« 

23«,16 
73«,43 
737,4» 
»34.«2 
734.01 
7J7.4» 
»37.«3 
237.6» 
237.9» 
731.«6 
737,«0 
737,64 
737,46 
717.«2 
734,13 
»1?,7» 
737.43 
734.76 
734,4' 

U .44« 
V tM» 

.'61 ,773 
0 ••a» 

.00' .»2» 

.3l4 ,4)6 
V .»19 
V .»4» 
II .»10 
0 .621 
0 .«oo 
II .670 
0 .713 
0 ,366 
U ,636 

,94» .»12 
0 .9(4 
0 .440 

,»»1 ,»7« 

,»49. ,977. 
.»!» .12» 

9 14 

1 .«4» 

0 .477 0 2.««» fl 0 
n l.«l« 0 1.04« 0 -•9*1 
0 l.«99 0 4 n fl 
4 1.17« 1 ».«.»« | MV! .«»» .«4« 4 4 • n 
0 1 .B|« ■ 44» 0 | | 1 
0 ,«»7 1 4 n ■••M 
0 0 2.4»0 4 .«14 -.«?* 
0 .«0» 2.«24 n 1.249 -.it" 
0 .446 | 4 A 

.796 .449 0 « fl ft 
0 .«67 0 ?.••« | -.149 
II 1.4«) 3.442 ».•o« fl •tM 
0 .44« 0 ».«)« 0 -.>9n 
0 .«»2 2.64« 4 .9«* •.M» 

.914 1.17« ,60» » a fl ft 
0 .796 0 7.»07 0 • tJJ4 
0 0 1.1»« « • «M ',*nr 
n 1.71« .,,94 3.0«« « 1.1>3 ..A«« 

.49«. ,44«« •.J»« MM* 7.»««« ».is*-' ■.4^ 
• 091 .119 ■It» .»J» .«•• .7Sfl .1»* 

3 17 1 • » * 12 

«VENT NaiE 
02   JUR46   «tLEURIVt-a 
0.1   01169  CORDUNOT 
2r   71444   «LICKIIAI 
0«   HAV46   CHART 
2«   »FU64   TURF 
14   JAR44   FORP 
84   JAM67     SnuHUnN 
20   «A»67     COMrtOIIUWfe 
ll   FIR4'     ir.Kt 
2<    lUL«»   PRONZF 
|l   ■)CT«4   «u« 
I»   I1AV66   DUMO^T 
|]   HAr46     RtaANH« 
1«   0ir69   KUFF 
IV   JAII67     aA|H 
13  t|R63  4114' 
0      JUN46   TAN 
2.1   •4AV67     SCOTCH 
H   01^66   GREFLET 

u|$T>NCk 
2111,2» 
2136,1» 
2136,63 
211'.«6 
233',CU 
213'.»u 
213t',6' 
213».7« 
214o.I> 
2340,96 
2.140," 
2140,9» 
2341,»3 
2342,34 
2142,44 
2142.9» 
2341,1» 
2146,30 
2346,39 

A71MUTH 
71«,I» 
»14,ol 
717.49 
73>.42 
234.01 
737,99 
»37.43 
737.99 
717.9» 
717.«I 
737.«0 
737,64 
»17,46 
737.42 
7l«,T3 
»17,7« 
717,«3 
734.76 
»3a>a7 

»«I»» RZ*«R 
0 

-.»01 

1.49» 

1.16' 
0 

l.»-l • 
6 

0 
.»1» 

0 

.9|)2 
0 
0 

«VkRAIife 
SlbHA 

•»I» l.'ll 
.44' 

8 

,910« 
.012 

2 

'   INOICATfJ   |N0««I.T   A'EaAUi   l>   «I11NIHCANH.T   NON-IiRO   AT    19   R|Hct«T 
• 

© (H) 
I»   tPIL6NIeB4 L»I1IU06 

02   JUN«« PllF04|»k« 37.22' 
01   DEC69 CuRDUNOT 17.16» 
24  '"»4 
06   nAT64 

«LICRITAI J'.l'l 
CHART 37.344 

24   APH64 TURF ,l'.l»o 
1»   JAN64 FU4F 17.142 
2,   JAN47 DOIIRRON 37.100 

37.130 2|   hA»67 l.0«NU00H6 
2]   '£1167 «lillt 37.12' 
2]   JUI.69 IIHONIE 37.09B 
02  0CT64 AÜ4 37.„74 
14 «Am OURONT 17.111 
1J   «AY64 PIRANHA 37.oa' 
16   0EC69 ■ UFF 37.,,7j 
1»   JAH67 NARH 37,144 
11   »6463 411.4» 17,061 
03   JUN64 TAN 37,064 
21   ■A»67 »CMCH 17,2» 
2o  DEC66 4HIFLE» 37,102 

»6»T PARAHE 

® © @ 
LOir.lIUot  OFPlH  ORIGIN TIRE 

•11»,09» 
•114,092 
•ll».0«O 
•11».122 
•11».0" 
•11»,«4» 
•11».0.4 
•114.044 

•11»,0»» 
•114.01) 
•11«.00» 
•11».0»» 
•116,03« 
•11»,01» 
•II»,1)9 
•114,021 
•114,019 
• U«.)?. 
■11».'0» 

8»oe«/rT\ «(F 
5lr.««^ lias 

0   0   0 

34   00.1 .110» 
11   02.1 • till 
34   46.1 .,»11 
04   14.1 .,44, 
14   I0>f .!•': 
44   40.2 .»4|7 

«1   l«'l •1848 
64   10.1 .8441 

»4   OOiO .,732 
44   40.0 .«»11 
Ol   00,0 .1947 
»4   84.1 .«••l 
1|   I6I0 .«»»» 
1»   0046 .1111 
«»   10.1 .11" 
41   44,1 .!»•• 
04   4.,6 ,1)»« 
44   44»4 .1«f» 
34   40.1 .1»1« 

II«« 
11 a"» 

,0»« .«•7 
-.667 .Ol» 
-,oi« .1«» 
•.I84 ■IV« 
•M'l ..1») 

.0«» .»»• 
,48» .11« 
,80« .1*6 

.670 .1»» 
,41« .«»» 
,1»8 .11« 

-.48» .««« 
•,0»« .0»« 

,481 .!»• 
,0»« .4" 
,44) .!«• ,«•• .»»» 

•,11« .»'1 
•,4)1 .1»» 



•> II •« 
IAN I   H 

•kl'flit       ■•t«il>l|»t      tusatlics 

■ ««.uoiMi utimritt 

oi«)»» ■••••> •    tut ig   ii<» «•     (iimiH am« • >]>,• 10 iu.< »••Mr« 

■ VtMl   Mil«» JitlAKiCk   tlUUTta • U-IS        .«j.l.        If.lL        ,,..••        ,a.ri        j.o,,        nu.,,        f,.,,        ,,.,0        n,.,. 

•> JUOtt 

II   fk««< «» ••»»• 
>• »MX 

10 "irt; 
11 riati 
n JUI •.' 
|t ICTK 
I» •<»»»» 
lI  alttl 
I« MC»1 
1«   JtHtJ 
11 ^li-»! 
gl JU"»« 
1.1 >»»> 
II  OiCM 

roRoiian* 
«IIC'I'«! 
CM* I 
Igor 
• »•I 

•Oil4*'-** 
r.ßmmov"*t 

»u« 

Pu'r 
NISM 

m»! 
Im 
ICIHC» 

(»ULI ' 

tlj".!" 

IKl." 

II«l.>i 

11«.« !>•'.•» 
1^46.J« 
I.H».J» 

avimiii« 
MWl 

il«.it 

»J».«» >!•.'/ 
»I«.I» 
>J».«» 

III.» 
)J7.»» >)'.•' 
III.«! 
IJ».M 
Ilr.it 
>)T.*I 
lla.1t 
JJ1.IV 
3lT.«l 
»a.» 
ita.a; 

.at« 
I 

.»Jl 
a 
I 
I 

• ■••" 

1.11' 
I 
I 

1,»H 

I.Ill 
1 

ItOl 

.»•a»   i.m» 

.»"      .in 

l.UI 
l.)4I 

I • 
1.441 
1.1M 

• 
i 
I 

I.IM 
I 

l.ll« 

t.J4l4 
.11* 

• 
l.lfl 

I 
l.ll- 
1.1»» 

I 
I 

••|* 
I • 
t 
i 
• 
« 
I 
I 

I.««»« .!»• 
I 

l.tft 
I 

»•I»» 
.aM • 

• 
I 

l.|«I 
• 
I 

( J 
I 

I..JJ- 
.11« 

I.»»» 
I.J«I 
t.«i» 

i."i 
t.««9 
i.«i« 
t.aia 
i.»i» 
l.»»l 
I.»' 

§ 
MP 
i.*)«> 
.ii« 
t* 

i a 
.«•1 •.<!. 

I ■.»> 
• a 
• a 

• 
I 
a • 

• 111 
a • 

.M« 

| 

a 

-.«•a« 
.f|i 

.1»» 

a 

i 

a 

a 

( 

i 

• 
t 
i 
t 

§ t. 
» I • • 
• MM 

.t** >,n»' 

.1«» .««• 
t • 

•»»»I  Hi«! IH14«4 4M-Utl. ««•«a m.-«( «C  "O i/-»* OO-a« '»•»li tfm «»,»« IVjO 

|1   JUM« 1 M |.)«lv.« llll.I» Ila.l« l .«ti 1 $ 
I::JJ 1 • • « 

t 
1 • • 

VM • • « « 
«».I 
...5 

«i Olral (.oaouaor 1.11«.1' >la.4l 
111.«» ..«.J • "n 1 i 

II  UM« »ne«ii«i 111«.«! l.llt 1 t l.«1« 
l.i«a 1« nan« CM**? 111'.«« ila.ll « 1.111 1 

1.1»' « 
I.'«« 
i.«i« I« •»«« ig« 111'.«a Il'.lt 

ili.K 
l.,«' 

::;* 1 • ..ll 1»    11^4« <WI 111'.«« I.««« s { 
II   J»-»» »Oil"*«»! HI«.«' iii.«i l .«>* 1 « I.<ll | 

i.,.J •.in 
i .«i. 

.11' 

.«1» la "»»•» CO««ODU»l 111«.'« iii.«< • .M4 • « 1 | 
11 '(■«' • •ILI 1.1««. 1> m.«» I .«« 1 c 1.1«l | ?.»«* 
U   JUL«> naONii li««.>« in.«« • 1.»»» • • l.«l« a a « | 
It icr«« Md im." »i..*i I .•r» • l.ll« 1.111 i I « « ■ 
1« nanti l'u»r-l 11««.«v in.«« l ifliti • « l.ll« a i l.«.i •»•« 

Ml» 

•.«.« • 

1J »Ta« *|*«NH4 l'l<l.«l 711.a« • Iil4« t • 1.411 a ?.*M 1...« « 
1«   MF»9 Null 1KI.1« >1T.«1 I .'•« • « 1 .111 i 

MJ 
I.««« 

I...J i« j««»; I«!" 11«/,«« 11«.|1 l l.O« 1 « 1 .«•• I 
U «»-«J *H*> 1144.•> «If.I« 1.1** tUa t l.l«J I.'ll ••i* ■ 

1.««' 
• 

,..,1 
1.«.« 

0"   JUti« I» »l«J.l' iii.ai • 1.0«* 9 « 1.1)1 i i 
|1   »«.41 «Co ICH 114«,la ll«.» « t.it-i I « « J i.i«. -.1*» 

•.11« II Oft« •««11.(1 114«.1» ila.«' l.»l' I.H2 UJ|2 ■ i.».' i.n« 
«««■•u l.l*>« I.«!*» 1*S|> l.lll« l.tf*« .441« I..SJ» l.ll.« ':;!:, •111 

.1«' • IU« •I« •ta« • rtM ll« .111 .».« ■r 1 « \* | 1 1' 1 t . 11 

«•im Htm junitct 4>1»UIM ••IM H»n IMi 
|I   JUN«« MUMInl 1.111.1« Il'.l« 1 l i 
it men CO*DUNt<T Ill«.l> lla.ll 1 | • 
it n««,« •i.ie«ii«i I11«.«l 111.«« a $ i 
1« ntTtt CHiai mi'.«« 31«.«i j i i 
t« «»t« 1U»l 111'.«« >l*.|l I i i 
t« jtiit« •0*1 111'.«a 111.«« i a.84j 1*MV 
li JI«*: «Ou-IHON 111'.«' «li.ai • t 1 
li utrt; co«"oou«i 111».'« Hi.«« • i • 
li ria*j «'•III li««.t> 

»141.1« 
»it.«« a i | 

11  JULt« MOIlll in.■• ■01' t | 
|I  1CI4« iW 111«l." «it.«1 « 1 a 
1»  »«Ttt OUKBNI 111««.«» ili.t« i j • 
ll Mr»» PI*««M« I1«l.»l 111.•• j t ■ 
>* Hrti iiurr llll.l« 311.4' « I a 
1« J«««' ««a« I1«4.«« )l«.ll « 8 a 
|1   11-44 «na' I1«I.»> 311.1» i t.»3J Mil 
II   JU«»« 14* l.1«l.l> «ii.ai u ■ a 
ii »«»«; «ceicM iMt.Ia 11«.i* 1 a i. 
II  Dlrat «•««1.11 Ii««.l* 

4Wka4*k 
• IM« ■ 

il'.a' I 

.««' 
I 

1 

a 
MM 

f 

a 

MM« 
•a4i 

a 

« logicim aiOKin aioau« is .laaixcawiL' ««•-'«•o tt «. «(acini 

i« ii-itnicoi 

ll j'Ji"« 
«1  D(C>t 
i« n»»* 
li 114141 
14   ««••« 
It JIM« 
I« J«*»' 
I, ««I«) 
II '(•«' 
II JUI«. 
If OCT«« 
|. an«« 
I« alltt 
1« 0(C»I 
1» J"«» 
11 li««! 
• I JIM«« 
|) HIT«' 
1«  BiCt« 

LattlUOk       Longtlug«     gc*lH     0«ltH   TIM« 

PILFgi-m" 
C'lHrtUMQI 
•LlcalT'l 
t-l««I 
un 
PUR« 

«O.iano» 
COHHODOMt 
«•ILI 

4liH 
giwimr 

(•■•«■at 
•urr 

•ASM 
ill*« 
M 

iCnTCa 
eal<k«> 

11.11' 
II.I«> 
J'.l'l 
11.14« 
I'.l.l 
ll.l«! 
1>.1(« 
11.Ha 
11.11' 
11.«»« 
I'.i'« 
11.111 
1>.a«' 
H.i'l 
11.1«« 
I'.iti 
17.I«« 
ll.Il» 
11.Ill 

•ll».«.. 
•ll«.«.l 
•ll».»«l 
•ll«.lll 
«ll».«.. 
•ll«.««« 
•11«.It« 
•llt.lJ« 
•llt.l«t 
•lit.Ill 
•lit.««« 
•ii«.ii» 
.114.414 
•lit.II« 
•11«.111. 
•11«.«11 
■114,41» 
•l!«.l»« 
•ll«.««« 

1« ««'I 
11 11.1 
1« «««I 
«« l«.l 
I» •»•• 
It   111 
♦» »J.i •• •••! 
»i •«•« •• >»•« 
«» •«•» 
»t i».i 
»• »»•» 
i» II» 
«» «««i 
••   10.1 
«• ««.« 
i« ««>« 
1«   14.1 

Jaoe« 
Ilia« 

•Itjl 
.11.1 
.ill« 
.11.1 
.1.1» 
.»•»• 
.Ill» 
.IT»« 
• 1»«« 
.«7tl 

.«•to 
■•»H 
.11»! 
.Ill» 
.11*1 
.1441 
.1(1. 
.H'l 

•ir 
■ in 

.11» -.««» 
-.Ill 
-.11« 
-.ill 
.ll« 
■ll» 
.1»« 
• It» 
.11» 
•I». 

-.al» 
-.1.» 

.«1» 

.It» .•)» 
• III 

•.1«. 
•.»«• 

•I«« 
iiaa« ;? 
.«»• .«•« 
.1«« 
.H« 
.i«.i ,|.« ii .!<« 
.1»» 
.1»« 
.«»4 
.11« .«•» .«'« 
M 
.i«« ii ,«»• .!'• 

1«» ii 



TABLE X 
»    t    l     »    I     I    V   fc I    »    ■     <    I     L    -    I    1    !■   k >   K   0   "   >    L    I    I    S 

ifcRtlNit'MVtL'TIHfe   UMLkS 
INCUUDIXk  H-LIOHCIK 

•ErtKiNCC   SltTIO»     HK.OH 

Lis'i.ct «•»oc •    iss\  <0    2)<t «H      nmuTH tmtf • i]>.a TO ;]|.t DraXFn 

WiNI   «(«I UIITmCt   ttlMITH «U-l!        »>J«l Uf-IL        BI-"V        a»-PA        C'Oj«        OH.«'        fl-Mt        m-HO       iU>>L 

|> JU16« 
IS  DC«? 
It riai« 
gl "««I» 
24 «PH«! 
t> JINI« 
|| JIXI7 
20 "«»67 
13 Fi«t7 
ti Jui «« 
02 OCT«« 
1*   MlVft« 
I 1 NlTlt 
I«   Of II 
i« jiNir 
II 9F»»! 
13 JUMII 
23 Mlv|7 
20 Dlril 

MieumvM 
tO»OJ»0» 
»iie«ini 
CHIAf 

fom 
ttOU^IOh 
COnNODOKE 

»ONtC 
«UK 
DUMONT 
ail*NH* 

«urr 
NIS** 

Hi.«' 
IM 

•Co'CH 
MHUi 

1331,2< 
131>,l< 
13)1.13 
JJJ/.II 

H3'.'» 
23)>,>/ 
111».» 
>140.t> 
2S«0.»» 
J»«n." 
2^«o.»» 
itn«M 
)1<2,3I 
231«.•• 

2«J,J> 
»M»,3» 
23«I,3V 

«VEHIUfe 
11 UNI 

Jl'.l« 
23«.13 
71I.IV 
7l«.>2 
2ll.|l 
7)7.•• 
217.1,1 
217.11 
2)7.1« 
2)7.•• 
2)7,«| 
717.1« 
7)7,11 
737,12 
2)1.1) 
2)7.71 
7)7.1) 
7)«.71 
7X.I7 

1.17» 

2;ll< 

0 
2.37» 
2.«I» 

0 

.120« 

.070 
) 

.211 
a 

.«I» 

,)«1« 
• III 

30V 

.«0« 

.Jin 

o 

.320« 

.111 

• 
.III 

I .«>| 
•01» 

.7)g 

I 
0 

1.02» 
0 

I'lll 
.III 

I 

I 
.714 

.•I2« 

.1J« ■ 

1.151 
I.Ill 
t.74» 
«.»«) 
1.7o« 
1.'" 

0 
0 

t.4» 
l.«l' 
l.H» 
|<Mt 
!.»•> 
l.»3« 
1.4I2 
t.»13 
MM 

o 
1.7o« 

l.»»2« 
.10' 
1« 

.))» 

.1,1 
I 
0 

■172 
.l«l 

.212 

.770 
I 

0 
.Ml 
.7»» 

.>]l 

,IM* 
.201 

I 
.21« 

0 » 
0 
0 
I 

f.TM 
0 

•III        2.Ill« 
.147 ,|I(| 

t ) 

fVENT   ■.,«( UlfTlNCk   A71HUTH 

|2 MH*t 
03   Df-Sl 
ii rtM» 
gl MIVII 
]4 <PB6< 
|l .(«•.ft« 
2| JIXI7 
20 HITII 
1) '1017 
11 JM.«S 
|) OCTI4 
|< HIVtt 
1) ««»I» 
1« OiFII 
(I J««»2 
t> UM) 
|)   JU"I« 
1) airtl 
li Dir*« 

2|LE0AlVfcN 
iioiouior 
«IICHIT«! 
CMI«T 
'U»I 
roif 
IOUIIOK 
cnn<aDo>E 
lOILi 

MONK 
«u« 
DUNCNT 
rtMNN« 

•urr 
mix 

• III' 
I«N 
ICo»C" 

aitii.iT 

23)1,2V 
21)«.IV 
13)1.01 
27)'.4I 
23)'.»v 
27)'.»I 
23)».»' 
1.7)». 7« 
l)<0.i> 
2340.11 
2740.7' 
2.4|,l» 
17l|.» 
1342.)• 
1342.M 
2342,•> 
»•«3.1' 
174»,)v 
174»,)» 

«WtWl 
sl»>» 

ll'.l» 
23«.I) 
217.11 
7)«.«1 
31".01 
7)7.1» 
7)7.1) 
7)7.•• 
2)7.»I 
337.«» 
1)7.M 
717.04 
217.11 
2)7.»1 
2)4.<) 
337,7» 
2)7,•) 
2)1,7» 
2»,»7 

uu-u»        H—'l        «C   NO        I'-iV        N»-NT 

.307 

»S-Bt        «l-iic        "»f»"        SVjO« 

.I»»«     l.l"' 

.»I» .11» 
» It 

I 
.1)1 

l.l»« 
2.1»» 

1.»»» 
0 

MM 
o 

-  0 
l.«M 
I.«»» 

.1"     l.«il* 
• 1)1       .In 

i.»»l 
2.12» 

t 
I «Ml 

i.'o« 
i.tli 
l.»«3 

I 
I , ,*»• 

1 .»II« 
.tt» 

I.»»» 
1.4T7 

l.l«» 
I 

1.2,! 
1.1»» 

.«I» 
I 

.20» 
•»12 

• St» 
• III 
.4)1 
.111 

0 
.34» 
• 11" 
.III 

>.3V2»        .111» 
.117 .til 

• II 

FV1NI   Ntn| 
ii JUNII 2iiro»i«t» 
|3 Dir»! CODOUIOT 
le rt't« >ilc"lTit 
I» NIVt» CHIal 
2« IM»4 Iu»t 
i» JIN»» FODE 
10 J»N»7     ISu'lON 
11 NtVIT     CONNODOVf 
23 '»»I     »lltl 
13 JUI 61 MONli 
02 OCT»« «U» 
%•> Nirtt 'JUNfl71 
|3 NIT»»      »IllNN« 
t» Die»! lurr 
1» JlNtl  N»|N 
|1 »•») IILIT 
13 JUN»» TIN 
4) N»<*7  ICO'CH 
lo Olr»> caFtLET 

utIIANCk lllNUTM 
273..2»  2)«ilt 
ISl'^t 
}71»,»3 
13)'.«» 

I»|ut 

17]'.»0 
233'.»0 
27)a,»' 
273V,;» 
I3«0.l» 
1J«0.>» 
U4|,7' 
2340,«V 
1141,11 
1)42,)l 
2342,11 
1342,1» 
1343,1» 
2746.3» 
174»,)» 

«Vk»«u> 
• ION« 

73«.03 
217,»» 
»••II 
»«•Ol 
1)7.•• 
33».«3 
2)7,•• 
»17,»» 
237,«» 
2)»^t 
1)7.14 
2)7.•» 
1)7,»1 
2ll,ll 
33'.7» 
2)7,«) 
»»,2» 
33«.«' 

.21» 
» 

t 

HMi 
o 
t 
0 
0 
0 

2.»14 

[I 
lllll 

0 
0 
0 

I.»}» 
»»I« 

1 

, V-l« 
I 

0 
0 
0 

0 
0 
0 

.»I« 
0 
I 

l«MH 
.1«« 

I 

•   INDICITH  «*      i.T  «»III»!   I«  l|nN|2IC>N'l.T  NON.I|«0  IT  •»  M'CEN' 

1» EPICENlkM LlTITUgt  LOXellUgi  OEITN  OIIOI« 1IHE 
INOCK 
III"« 

•tr 
lilt 

• Ml 
7l«N. 

•I JUN66 
03 DEC»» 
1| FEII« 
•t NITII 
1« »I*»»« 
1» J»NII 
ti J«N6; 
1« «1167 
ii ri»»' 
I) JUL6» 
»1 OCT»« 
|| NIT»» 

II «»T»» 
1» OECII 
1» j««6; 
II HMI 
•I JUN«« 
I) NIT«! 
I» OIC«» 

PILEORIVk« 
COIOUHOT 
»LIUITII 
CHINT 
Tun» 
rot« 
»OulkON 
co«NO0O«a 
•IlLk 

iNONlE 
«UK 
DJNoai 
»(»UWI 

lutr 
«*»« 

• IINT 
T»» 
ICOTCN 
UWU» - 

12.21' 
17.1»» 
37.171 
37.34« 
l'.l'o 
37.142 
I'.l»» 
J'.llo 
37.12' 
)70»» 

37.0'« 
3'.Ill 
17.««' 
37.173 
37.14« 
)7.l«l 
)2.o«a 
)7,I7» 
)7.3«a 

•II».«» 
•11«.Ill 
• HI.lit 
■11«.322 
•u«.«« 
•1|«.04» 
•ll'.OO« 
•u«.0»« 
•111.I«« 
•11«.013 

•ll».lt» 
.11«.0»« 
•11«.«1« 
•til.11» 
•11«.119 
•11«.Ill 
•11». 0» 
Ml*.37» 
-11«,«»* 

1» «I 
1» I) 
IS It 
1< 01 
If II 
1« It 
1» «I 
1» II 
II It 
I' 01 
It tl 
1) »* 
IIII 
1» 1» 
1« «I 
1» It 
«' It 
1« 01 
1»^ 

tt«l 
tlvl 
00.1 

tin 
tt«i 
OOM 
t*>\ 
tt'l 
lilt 
I0<0 
00 iO 
l»«l 
I».« 
1010 
tlvl 
till 
10.1 
lilt 
•♦■1 

.«7»3 •tl» .«'« 

.11»» ••It« .1»« 

.1112 ••111 .!«• 

.1»U ••11» .11» 
,1») .3»3) 

.»«1» • Ill .2" 

.11" •tl» 

.ll«! 
•ii«) 

•111 
• 17» .n« 

•t»!) •tl» .t*i .,»«» .1»« .it« 
.It" ••III .I»« 
.»»«» -.««1 .t» 
.ill» .1)2 .in 
.1111 • »71 .t»« 
.117» • t»« .!«• 
• III» • Ml • t** 
• l)«l ••Hi .1»« 
.1»»» -.11« .1»1 



o 
IS) 

in 

o o 
o 

..v 

o 
o 

5 56 Km 

(U 
+J 

n •H 
o 
CM ^ W 

0 4J 
(0 = 

UJ a EH 
Zi 
h- ■a 
(9 R) 

Z (U 
?! o 

-J 
f 

r-H 

<U 
O U 
o 3 
IO 0> 
IO 

o 
(0 
m 
(I 

8 i § 

No'aoniuvn 

o 

> 

o 

^ m ] z 1 
O <{>- o 

10 

8 o » o - 
K o 
IO 1 

! 



■■■■■i mmmmmmmm 

E 
* 

o 

UJ 

< o 
o 

60.0 

50.0 

40.0 

30.0 - 

20.0 - 

10.0   - 

0.0 

7.0 - 

6.0 

5.0 

4.0 

3.0 

2.0 

1.0 

0.0 

O 

K 

« 

X 
X 

X WITHOUT ANOMALIES 

O WITH   ANOMALIES 

O 

O 

O     © 

O 

8 o   o 

43 1 L 
4       5       6       7       8       9       ,0      II      12      |3 

NUMBER OF STATIONS 

Figure 2.  Location error vs number of recording stations 

HHH 



J      20.0 

60.0 - X 

50.0 
* 

IC 

40.0 - 
X 

■ 1 

* 

30.0 

9n n 

* 

i 
10.0 

0.0 

7.0 

6.0 

5.0 

4.0 

3.0 

2.0 

1.0 

40 

e 

60 

X    WITHOUT ANOMALIES 

O   WITH   ANOMALIES 

O 

t 00 

1 1      M I 
80 100 120 140 160 

AZIMUTH APERTURE. DEGREES 

Figure 3.  Location error vs azimuth aperture 



'   '«- 

X WITHOUT ANOMALIES 

60.0 X ©WITH ANOMALIES 

50.0 K 

X 

40.0 " X 

X 

30.0 

X 

E 

GC 
UJ 

§ 

_l 

20.0 

10.0 

0.0 

70 

X« 

» 
X          X 

X 
X 

X 

X 

- 

6.0 o 0 

5.0 - 

4.0 - 

3.0 %© 0 0 
0 

2.0 
0o§ 

1.0 0 
0 

 1 1 1 L  1 L 

0 

1000 2000 3000 4000 5000 6000 

DISTANCE APERTURE,Km 

7000   8000 

Figure 4.  Location error vs distance aperture 



■» 

(M  fM C\f f\f rü f\t ru rM (\i ru #u  m #«i m m m   Ml MI MI MI j^t MI W* M. MI «^i «vt jk> «■ i « W CM CM IM 

W « mir 
f> r- r« r. 

_ .    r» r- <o «o » »I» 
) CM CM CM CM CVN CMCMCMCMCM  CUCMCMCMCMCMc|.'CMMCMCMCMC|lCM 

i|r> «> «> o »  drorv  «4« q>  Mm» no r »if    «4«« Mm t 
O O o O  0<r4  v-iv4CMCMCMV4POtO«^Vtiri       ^> -C tJ rv Pv I 
ru CM «v CM tv cy r« r J m CM CM CMMCVCMCMCM«'  a CM CM CM CM r P CM 

I 
in ♦ m-iv H» « M 

» chia   <r c e 
CMirto IO « o»iv, nm« Mm» 
»4 M«HCM(MK)ni4«««minu> 

^^  r4CV CM CM CM   CM CM CM CM CM CM 

» 
{ r. r« r- rv r^ 
« r- «o or 

ci CM 

4<m 

«0 » q>  e 
m mir« 

»« »< »4 

ri rCCM MIO « « me M 
l<i«««««««r>>r>.r> 

«rsr^ccch» CM«o>ni 
«*'»<»i«mmm«' 

3« 
M 

■ »coi ci cr-<-r<c\cviC\rntr«« 
MCMMCMMCVMMMMMrllM 

CM « of n «  CD« r^ 
> & 0i   o   cr r~ r T- 
<rt *->   J-1CM CM CM CM CM CM 

m<o CM« » IOK' e 
o. o.  ed!0^«->ricMCMP> 

MClMMMMMCyM 

n,« »' c3 3 H r4rM oi«!«!» 

IM M MM 

CM« a i 
. <>    O O «4T4 
I »HCM r- MM 

«wo rv   *♦ w  Hn o> 
MMMiofitonioroiorqioK)« ««inmm«««Klr>.a>a> »l 
r*r*n*rl*****lrl*<*-<rtr*T-lr<r*r*   tH«-l<HtHl-l^<i<T-lT4T4v4 

4'      ' 

■ 

r 
o 
ac 
ac 
tP 

z 
O    Ul 
a  > •e   — 
3  t o   « 
a   -i 

Oi 
ac 

«   s 

rs co 
«# , ._   -       .._.-,, , ..  „, _. . 

r^T-lr4rH«4<-<T^rlr4T-<r4W<^r4WWiHt-lrlli-IWW'rl<-l«ll<-4 

c>kioio«*{m««^i>«a>lo>» »H« co Mm»io« o«l tv nma CM in» 
fDcocoaDto.a>oD(D<oa)CD{«oio»»»   *o o•-l»^CMMMl0^o^o▼▼♦ 

1 I ! ! «H»4 ^1 T4T4 rf r* r4 T4«-«^* »4 ^l»4 

Hr»co»o>| OOHM Mnl io « in ai M <a o IOK oti^l ^•n<o c<i-o o' to 
«l««««'Kr>>r>>r^irsrsrsi>>li^r^a)miDCKi>  eoib<-i«4iHMMCMro 

i, iMion«1mm««>wiofa>»  ocv« », ror~ e« o ♦Jimeo CM« o> IOIV 
mmmmmmmmmmmimm« «« «^rscoiDoo,»» OOO<H<-I T 

II£TH •4MMrov«co oror- otto •Hir|o> M« OWKI o 
T f v •»ic\in'ri«««rv|sJr^a)«roo>»';e 

ID Mm» M« eioiv ««« 
■airirir(«<irviNrv«i, cc 

« m m m « «i« 

»« oiv. ro 
m{ m « « ro 

o« ro» m CM» , 
^ « « in uv m « -r « 

J I       ' 
«I to» m nice «' r«v ro o« 
a. • is fv ^'«««mm^«« 

i 
nl» ifi »<«; « e»». ro» « CM« m WB mm« , ,, ,   „„ 
a» » » os o.'» i"»,« «I o t\ n xs t ♦♦##♦♦# 

», (A w« «arsro»«^«»« nr* 
(H   H H 3 3  OI> .TiOOOW^»»   o 
*4 r4 ** wl rt T* I 

mi «■*r* v a« ro» m M«,« r^r«. "0 
>0>0(M(Mrtlf-lrl93CI» 
H •-)•■! fl ^ d t4 

«  -^o» » so t^l « « m « « roro 
o«i«A/\Ann,nrtAf\rtifiA 

I r     j 
•o »«immvio^onkriHo o» «o » 

I ! I 
•H^ to o« M o o» »orviivomm««;» 

a a. a m a at ec 
«-» r. « o« to» T»  (MJO «   •-«■> KJ   o«  M o o» » « rvi 
ir*««iOrc>c\cx «-«J v-cc co cr o o a a: a cr 
i-tiHrlrti-li-lf-IWi-CWiH^Hi-liH I 

p» IO e« CM » in w« « ar«.io» «Mai«m«^fOMMi-iri o» »I <o 
OOOnn"»-»»OOOjMMM^-4   333333^33 3»3>  »|> 

10 o« M»' m »<» ♦  cfv) ^»«(V-ouiw^ c» a>(Drs««mm «»ro 
t)t).-vlsOOOnnj>«'«'0-J-O.M.-MCM.MM^H-»^HW-l^vJ(^ 
t-lt-lT4Hr4r4>-l«-IW<-lT4t-l<Hr4rHT4^<r4fHrl^rlrl|HtH^rlrlr<iH 

» « Ma m| HP. « A« -of» n <M «> « «t«rv u>m««rONMf-)o o» <o 
^^ '^tJOi'ON.'sPfc^oi'Ann «« «,o,0'o,o,0'00'0'0"0,o'>>'v 

MIO «• T<>  IO   00   M» 
r4  3 3 3^*«^   >  .t>   O IS 

MID ♦ wrv. ro 00 C*_ 
•O:M^»(MHH»<O so« » 

m   »Heo «• iH rs. 10   •-• o» »'Otrvrsomtnv« 

IH« «   or* i<J» «mmvr^ioMHn c» » 
-np«rsi4>«i)4>o«e««a«:nm 

^4t-l r4 «« <-) H 1-1 <H W «4 W «4 «H W t-l «I T4 

<o ♦ ofs ro » « M«D m «■ is «• o«^»^» m M o o» aoio>fs««m V « 
«««lOIOMMM^-Iri^    OO o» » JS_ 

CJ MMM ivl MM M M MCN   M M M <-l-H  »jC 

« a« ro »' m Mco V «HTs 10 e« M» ui M ao 
««mm'VvvnnRNMevwHo^e»»»! 
MMMMMMMMMMCyMMMMMCVM 

ro M M rl O e» 
O  » » » »  C 

o « ro» m MOO « «its m 
»is^.«««inmm««i«roro 
M MMMM MMMMNnj MMM 

, «0 «  T4 O» » « |s I 
NN*4H<-IHOäeei  
MMMMMMMMMMMMI 

u 
o 
u 
u 
0) 

■rl 

>   id 
■H    H 

M    U 

» c  S 1 
t g 
H | i .pi 

2 

to m  "S 6 

8 *H     E 
0 1 

f   « 
0) 
M 

•H 

Ox 



•_ CM«1 rM* » nr*   «Hm  .4» r^ T  r« 00 if\ n  rV-l 

1 
u •— 
o 
u 
CO 

>- 

IM 

ir 
o 
cr 

nr>nnr>nr>nnnrfnnnnn *n «««">>»• «™« 3 5 

Äcxt cv euci. weg ruey wi?n M w r»« rtn » n w w « ww »« "« ? 

WC« IV«^. IMOI CMW w cl wwlv WSI Äw «Ä KK ^ RS «n «?»♦ 
1RS^S.?1 f^"0,0 nl994 •»»«*♦ «v ear. «> rt »<• ««■ w *«s. 
WCMNfMMCMNCMNCMNMCUtMCMN «I W Mn » nrt » S « S » ti n 

1 «IS « »    oror>   »nr » r)^  »H u» tv   tr.. u- ir  -•>  ^1 - r»,  cj 

MO        >»    o    .^ 
>^»4 (M r« cv r? 
I CM CM  CV- CM CM  CM 

»"v A -o H»! o w  -y 3» ft, «» 
♦ « ift •© rv rv «o ^   o^i^tMK) 
(MCMCMCMCMcicMCvr^nnMro 

r*r*rw^^"^«^^""•• »i*»"*«>"-^«■ o- oo*cUo«5K 
V<MCM c^cwCMCMCMCMCMCMCMCMCMni cMCMr<i(MCMcvr9nmnnnAn 

^M 'J ♦so'«^ «»««I .1—    - 
o o o ov OKN^ o c> o»   ^ o 
iH ^1  ^ w »i«^^«  ,-< .HCM Ml 

« « iv. ts rs, MS is rCSa«.! „ o.»   oowwcM^v^^irv ^S »   ± H 
^ ■*«   »-"CMCM   (MtMCySfMCVCVCMftlCMCMrMCMI^n 

^«1 wwcMcvcvmn CMCVCMCMCMCVCM 

Mrt  ^W^^lrl^l^,^,^.^^  ^»«rf   rt^S^H WCMCMCMtMIMCMrurlcM 

•JCM «• in « rv <x> <*    0 win   o« o  CM « f-> wo ^«fc CM om « « wo. rs « 

j^rt W»HWIwrt^lrtw»j«r4^  W^l^   ^^  „^ wTJS^^M CM CM CM CM CM CM 

«1« CM 
IM 

mis 

«e 

«icM 

N 
0> CMO 

MIOrt 
I 

OCMlft 
♦ IO £V 
roiOM 

CM« «I 
« Ift « 
lOlO» 

«■o«! 
(DIS «^ 

I 

» n « öfois  ^10 
» T -o « •«•, «I« ft 
CMCMCMCMCMCMCMCM 

a> CMtft o> cMif>' w» 
«H «H ao> o> a> a> rs' 
»on 10 CMCM ftl CVCM 

«O    0«fs    T4«J  ftf» 
10 n IM »4 «4 <» -r o> 
•010 nnionn M 

ecv«« o«| CM» 
-oir» <r nn rtt CM «4 
«10 nnn.inn 

•o rt rt 
•A ft ft 
(MCMCM 

<o n w 
Is K IS 

CM CM CM 

« 10 W » » «> 
CM CMCM 

« 1ft 10 OfS ir No -O ift 
«»««•O'O'OfMIV'V 
CMCMCMCVCMCMftlCMCMCM i 1 

*• »O CM o 
»V fM !^!M 
CM CM CM CM 

1 
lt\ "0  Ofs  »   <M   o<n N. 

-«««ifiiftin^v« 
Al'MIMCMCMCMCMCMCMCM 

od in »O  -ors ift ;■> (M ee> 

CMCMCMCMCMCMCMCMCMCM 

I CM CM 

1 w n 
o* (M ry !M 

«IS ^ tf\ 
« « 4) « 
CM IM CM CM 

« t W ^ Ift »0 OIS « XI V IO r« <S» •> IS 

IO  10 IO IO 10 n CM CM CM CM CM CM (M CM <M CM 
:      1 

B 

0) 
M 



• 
s 

■c 

a 
T 
U 

• 

O M 
■B > 
T — 
3 »- 
O « 
Tl _l 

«     z 

< 
z 

**      ••    -^     \-      "J    F-l   ^ 

m (v AI«M m miM 

A  ■<> -o r^ r> 9 as 
<>   c t o e> c: o 
IM  rw M(\i Ai rxrv 

c»    O *« rl'V "»Pi 
r*   t> r» .>(>...>- 

« m m IT. iv.« 
<M oi o* <v»*) »n 
Oi ru CM ru iMrw 

o> a>   on<« o 
o «> ^ *• •"•(>( 
rw <v  rw <v CMIM 

«  -r ^ •!>   o«- 
o »• » 

4 ir * «»4 p^ « 
r» f^ M r^ M K n 

o^r*   w4««}mt/\o.  CMO   oK»rs.  ,< v n 

rkiruniAiivcMcv AtMAininirw oicMmnt 

i ''• »< 5 ^  <,,', 0'  "»^   or>p»   «<« a rw 

J ™oj AiruOtOi ^rvcMfvrvfx ru ru hi rw 

rv o. ry ^j f\j cvifv,  <vf\irvi<vfVif\jr\if\jfürM 
«    CO 
•  ,. .     CM 

«W    c-t<»s    .    r <r   Pi. ii - i.   ►   <    CI4P»    . ir a   rv 

W •<  •"! i< .-.-i    . i   r- .<   p    IN, M<M   (VilMrillXnitM  (4l«M 
«1 • 

in ■) (v 4 » KII^ 
r>   r^ cr «  a  o e 

ry Ci ex 

«   »    *  -»rl AITJ 
fV   Oilf) »O fi   (»IK) 

•^ « »S ifi < 

J. 
ill'. 

Jk in lA IT IT 

K) »1  »^ »O Klf| 

o«r^   »-iir io eM«c/ 
O  C-  t «1  ♦- T^ Cl? (V 

. i   p^w   T i  p-1 *-lr4   CMOifilCMOICM rVi (Ni 

a-    IV j    •   -  p    <    - a     .   ^ «   (V « o 

•-<»   r<   |<p-lrt^«   ....,...,   r< n  r-, rt   ru 

-« O »  -J "v   .;>♦• o   rf,rJ *  IN 
♦ ^ *'niA^>«^)rvp*Jp».(n ^, 

IO »   "Of«. 
«J (t> CO o 

* r>j ^ «i »» H   "«V «   e>K)p4   ^^oo   *<(r>o<  fu« o f«r^ 
.-i -< ,i ^i »i j. iv nj tM -5 i-i Hi \   ««inirjl4)«^->si» 

g » c»   o o wn» run "^ i/ 
oio<n   c-»i    r. rf   c^oiLic 

"^ PO ^ i/v u 
m n  -n a  « 

i. <■ r-   -r   !   f 
■1 ifl «• «1 T » 

41   raKirv^i^xruiAi>K>*   oro ^  *-i 
or>   r.  »i ^i rt. f\ r\ ^  KI i-^ 

O    Ö   *   P*    ^4   ^   T)     MH   l>     »O 
(QOi&O*    O   ^>  er   H <H    p-ICM 

*•'<».>    Op^rtrMfMI*)* 

ir <( P» p> «P « 
ir m ir ji in IT 

4^ 
f>|   o 
I i<l\l 

» li% Pv     W)n i 

i»^*)--«   +t r<  M rl 

■Q   o« P^   M« iJ rw 

P^+4IH    ,,   . I  -l   ..   ^1 , I   , l , |   .il  ,. 

<T0«O      tC3^4p^«H<MrtirMP7K) 

oo«HU\icr(ii«QifofH   csiai   -«.I.  r  '\j o rp 
irio^}iO«r4rvrs«ieOooo   c o  ^ ,-» i ^ 

I M "k » iri in O)   l\.   i rr   pilt».    fi« or 
Itl  flfl  IT> O. f»  ' 

i ip» «   3<  no 
«   m « ' ir «   <r " 
( i mil M c i mr i 

f~p»r.c.itfw1n* 
(i (Muni 11 ror   CM n 

I 

a) s 



z u 
o 
o 
in 

o 
a 
T 

ai 
a 
x 
3 

OJOOJ oooe c o ij c •-» H 

i 

• ir»«rx» o^i oin « KV a> N 
r», r^ fN fv r* ««icc<D»<r«"o 
MM 4iN<i(Mni (urv iv (V cvm 

»r>»ir« rnir^**«« 
rkNWraciMM OKVMdiiMri« 

Wiw <N<v n run, iviyiM fv rurg 

AD ®   « CC «J   — 

Ä ff S !i S 5 5 «irai«<i«rv(s eis 

« M « w 

•■ir o- « i f^ N • 
IV III 

^ o- o o o o! o- o 

« <f< « r~J «> oi   a«4««r4««l 
« « « «  ««>^r--rvr~4r^r^ 

I»« ««.4,i*«.* w^t^J« ^,j 

ownmir 4>IN«»| oJtiMr» 
i« ■* • y •• «■ * y «Mrt »>I« 

^^J 5 ^r^* ^^ ',■' *^^i ■i'w i^ »"fr* 
mniCM ni<w MIM ni <v a (x CMOIK) n ^n 

B ♦"•* •'■>*• ghpc >4r» •<■% ««( 
iMt>>nM«^tf\inir>4l«>sr««>«i 
iw AIM rti IV (•■"■ — "■ -'-— — -• 

I 
•OS :v a 
e on 
tttmm 

v   «•   «■   si   -ms    ^#  »^-   • -   ^M   «•   « 
icyiv ruivniivMiivivivi 

X 9,   O«' «>    ol o 
'•H «cv ni(v ro >>> 
irw «v i iv ivcv m (v i 

«   « MMTI « «1« 
iv iii iv m iv cii cv 

4» «»-<ni'o«f^is|«J o, 
^w ivivrvivcii ivriruiinr 

+ ••«) <-l^« ^ <|« »»»i 
'«  Jl 

^ 

■ "^   »j" «« «w«»   »v «v «w  IM 

,» i^rs  *«inot nrJ ^„ r    r,c 
D«so.»   on e, ,-.,!< IM n, <v f) r> « » 
•«•(•I ^««ivrvivivrkivrtiivnivnM 

i i     r i 

w^«w 0. w J«wTl.^^, whinii4<v««iv 
««o iv J nifii» rir. 4tt>J «H wif  o 

WWt (►   f   rv   (VO    Q>« id   (V«   o«|«   niv 
»j4i^«cnvrtioW»air»i«i«»>K 
H J«W ilr4 Jt^l ««wJ«^J«w3»W,|W 

M^   ««,I^I .r r« .i 

if 
r i (v . i 
pin« 

^"oSlio 

fvciivfiivfiiv«  iviicviiwiiwercvci 

too 
^1 c 

<« r 

» ir 
in v 

If» 
o < >Q> a> 

in <i^ 4 iv f«eo « « m 4 n ri wo a 

^»■rkna^   riosr* 
- - i\ if   - 

»K «vc <vo NnranNrrMriM* 

--«i .- 
nrf n c) wi» 

«v _ 

»»•• »f «« 

IV If  rl «^ «4 p   00 
n «IM filMlIlM filMt I 

o | 

:i 30 

■'•-'* ^l.'rt.r^ij,^^,^, 

<v« 

r» 4 

N ^ 

O If   ▼ r< 
> » 

.1 e.t 

(V • » > 
n<ri»v .IW.IH .iw, 

M n-v nni ^imn  iv PI 

O I Ivloi 
« 4 

^ f Ok 4 

Sf 

« If 

- ^ n r i oo 
» o( a ■  « 

w F . »o >« i .<> 

■O If 

M« I 

s 
I -C 

H O x u 
M (A 

S <U 
8 O I 

« 
o c 

•H « 
♦< 0 
<« -H 
8 a a 

o 
u 
4) 

>     « 

«   u 

i % a 

s I 
U    n 
«    V 

o   o 

v   a 
a   *J 
H     Ü 

Ox 

I I O O 

c c 
o o 
u u 
I 
I 

CO 

i 
•H 
b 

• 



• 

r 

> • 

M 
HI 
C 

«* 

;| 
1 

r      * I 

3      '    , 
O       «9 < I 

a     •- 4 a 
Vui 

I A« 
l I <M 4 . IN« 
IK« 
U IM "" 
C 
a I : 

*% i 

ran 

• ii««fi|*« 

«MK « tr 

• o 

«I» 

N Ol CM o 

mn N n 

T 
w  **w   rlr   **r'       k . "fW •»•»*?••• I 

» c wo m K ♦ in « r <c o   T^ntn^ in <>«) » 

« n a» 
ran M 

iMnJm n 

M 

♦ ^ n 

m in m n 

« 4  « « 

«I T i at» • « 

i «4w 

«I» 
mir 

» c «rfrinirt«« «o «a 
-   - rn F i r> n 

<vr> 

n r 
MO 

«If 
«»"1 

K»0 

f» «J • #w ♦ «  «IS« « o«*''» «!■> •• 
iM »4 • I X < • <4 M «4 • I »4 •'I T« •* T« • 

» « o> o( • <»( » öl = T.0.fl'.0. T0. » o 

n r 

s» .-  Si"l ♦ / 
« 4 

m 4 

<M n 

HO« 
»  «1 

«iil«»4» i > »4«l><» f mis« oj • . 

J     1 K 
r. N ^ 

i* « r« •      B *<« « 
. py r4 lv r  fx fs #K r « 

«4t«4   «4««^P 

in u in if «4 

r coo  Hciin^ mis«» 
tioi rmrti<>i"i»io«r 

M rt n 

in «^ 
NMN 

• at» *»< rtoo ■* m 
rl^rKINCINdN 

aran K « MI or • 

'S' 

T 

a> iiHcm^mr aowc 
1 « in m u ma mu m in « ■<> 

eer4tini  «r4«a   o »«r 
4 «*  <r««t m if! in if 

•4«llrl<l<-liH>4<in>inC<IIMO  MC 

T*  *4 r*  A ~* r 
•• »4 «I «4 • I H • I 

• in ■«i m < ■• 
< i a • « II • 11 
4l «4 4J|V« 4l444l 

«4   « 41 4) <d 

♦ 4    ♦ 4^ ♦ « 

nirii> 

P. ISIV Vk^  I* * 

k^«ir(0l|4> 

iH^   I 1 o«ir»m»nr4c IBI«B r- i- rvalo> Oi4n 

mNHa « f «in«i<M(<iM(\ of 
niMN>><4«lHrff44l>4>4>4v   »4' 

•4 0( e f mi i>i<«<4<>»MaaP>* 
*    SI «I SI Cl    44rt    " •> sl m .1 si s 1 

• »^m ^ 

m ««( 
4*4-4 

4 n (f HO< • K4 ^ « m « 
•>' «»Jisis  sislsisi 

mwi-^ooair- ««iqri44 •» V i 
riitirii>m^«5<»5«5«5mlK. 

»- x)">"5in"0»l"»"l 

i»1 »4 n ♦ « 
«4 «    44 T    44 4tKI M « S 

♦ «W »4 »4 < 

m 4 

m» 
m IT 

si ' 

m J »» ^ <T j. t > p   tirinM44 cke> «i K 4 
»4 ^ T4 > .» eio «»      a oö oa» »'» » 

r» rl .4 .4 T» H .4        «I 44 44 >4 44 

• • <• 44n 4 
-i T4CV Nr 

» m» » 

»4 

m « * 

«if 
« 4 

»   4l<V4 

!M n  m MHr 

•4 4   »4 n 44« 

SI s 

m s 

#n4 
»o 

44<< 

44rm* 
«4 4 

»   .1 *« 

M S   SI S 

?-9S' 

-H I 

m « n Nwa 
» mt  - •^•l 

to   c 

M ■  3 

3 8 - 

^&: H   3 
HMD ail 
«k   <   u 

Ox 

I o 
M 
3 
0 
CQ 

4J 
c 
> 
0) 

Q 
M 
« 
Ü 
M 
(0 

IM 

-u 
3 
• 
3 
0 

§ 
■P 
q 

> 

I 

■p 
CO 

cri 

I 
•H 



i 
0) 

I 
o s 
I 
I 
3 

m— a 
a     <u 

■ 
§ 

■H B ■ I 
0 
»4 

HI 

1 

I 

1 
< 

HiaoN s^aoaa'safumn 



• 

Figure 11.  Faulted region illustrating difference 
when time-calibrating with residual R 
or anomolies A. 



APPENDIX I 
INPUT SEQUENCE FOR PROGRAM SHIFT 

LSW-2 

J-B 
TABLES F 

HERRIN 
V 66 TABLES 

LSW = 3 

STATION 
CARDS 

=i  
ANOflALY HEADING 

CARD 

LCS^2^ \LCS=2 

ANOMALIES!      I ANWiALIES ANOMALIES 
FORMAT A 

OES 
FORMAT D 

LSW «0.^ 

EPICENTER 
CARD 

LCS = 0 1 
 I 

ARRIVAL 
TIMES 

FORMAT B 

LCS 
LCS ■ 2 

■ 1 

ARRIVAL 
TIMES 

FORMAT C 
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INPUT CARD FORMATS AND PARAMETERS 

OPTION CARD - FORMAT (712,^5.0, ma) 

NATS = Number of stations and anomalies in entire run of 

several cases. (Maximum of 50) 

= 0:  set to 21 internally 

LSW = 1:  Read input data beginning with travel-time 

table (See Figure A). 

= 2:  Read input data beginning with station deck. 

= 3:  Read input data beginning with anomaly-heading 
card. 

= 0 or 4:  Read input data beginning with epicenter 
card. 

NJUMP 

LSC 

Read J-B table (Tape 940, SDL) 

Read Herrin 66 table (Tape 940, SDL). 

Read anomalies in Format A, arrival times in 
Format B. 

= 1:  Read anomalies in Format A, arrival time-s in 
Format C. 

= 2:  Read anomalies in Format D, arrival times in 
Format E. 

UK = 0 

i  0 

ISKIP = 0 

i   0 

No SIGRID computation 

Compute SIGRID 

Program locates epicenter 

Program does not locate epicenter; computes 

SIGRID (if UK i   0) using input location 
coordinates. 

NOUT = Flag requesting maximum-relative-error station sub- 
scripts in SIGRID 

=0:  Do not print subscript matrix. 
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^ 0:  Print subscript matrix. 

CT = Distance increment for computing time derivatives 

= 0:  Set to 0.01° arc internally. 

SLOW = Factor to reduce the size of the iterative corrections 
to the event parameters 

=0:  Set to 1 internally. 

TEST = Incremental distance criterion for convergence 

= 0:  Set to 0.0001 internally. 

CLAT = Grid increment, kilometers, for SIGRID computation 

= 0:  Set to 1.0 internally. 

NCOL = Number of columns from SIGRID output grid 

= 0:  Set to 30 (maximum) internally. 

KKEND = Number of lines from SIGRID output grid 

= 0:  Set to 30 (maximum of 100) internally. 

ITER = Number of iterations allowed for location con- 
vergence 

= 0:  Set to 10 internally. 

IMK = 0:  Use input arrival times in SIGRID 

i   0:  Use predicted arrival times to grid center 
in SIGRID . 

STATION CARDS -  FORMAT (A5, 3X, 2(FS.O. F3.0, F5.1, AD, 2«, F5.0) 

Column       Parameter 

l"i Station name 
9-13 Station latitude, degrees 
ll+-16 Station latitude, minutes 
17-21 Station latitude, seconds 
22 N or S 
23-27 Station longitude, degrees 
28-30 Station longitude, minutes 
31-35 Station longitude, seconds 
36 E or W 
61-65       Station elevation, meters (not necessary) 
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ANOMALY-HEADING CARD - FORMAT (10A8) 

Description of anomalies, region name, etc.  May be blank 

card. 

ANOMALY CARDS 

Format A (8F10.4) 

Format D (10X, F10.3) 

Anomalies must be punched in same order as the station cards 

and equal to the number of stations.  May be blank cards if un- 

known. 

EPICENTER CARD - Format (2A8, A4, 2(F9.3, Al), F5.0) 

Column      Parameter 

1-2 0 Arbitrary name of event 
21-29 Estimated latitude, decimal degrees 
30 N or S 
31-3 9 Estimated longitude, decimal degrees 
HO E or W 
Hl-HS Estimated depth, kilometers 

■ ARRIVAL-TIME CARDS - (Zero input arrival time indicates no read- 
ing for that station) 

FORMAT B (8(2F2.0,F6.3)) 

Column       Parameter 

1-2 Arrival hour, station 1 
3-4 Arrival minute, station 1 
5-10 Arrival second, station 1 
11-12 Arrival hour, station 2 
13-14 Arrival minute, station 2 
15-20 Arrival second, station 2 

Repeat, eight/card, until no. of times = no. of stations 

FORMAT C (7F10.4) 

Fields of 10, seven/card.  Arrival time in seconds only. 

FORMAT E (A5, 5X, 2F2.0, F6.3) 
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If this format is used, one card, Format (15), indicating 

number of arrival times to be input, is required prior to time 
cards which follows: 

Column 

1-5 
11-12 
13-14 
15-20 

Parameter 

Station name 
Arrival time, hour 
Arrival time, minute 
Arrival time, second 

With this format, one card/station with an arrival time is re- 
quired. 

-A4- 

: ■ nnmir-iirn 



APPENDIX II 

Description of T1MEAN0M Output. 

The following description explains the presentation of the 

results in the computer output of the TIMEANOM with these refer- 

ence numbers appearing in Table VIII. 

1.  Source of expected travel times.  For Table VIII, the 

Herrin table, November 1966 version, is used; for Table IX, the 

JB table; for Table X, the Herrin 61 table. 

2.  Reference station, R, selected for computing relative 

anomalies.  In this report, all anomalies are relative to station 

RK-ON.  The following relation may be used to change reference 

stations; 

i/]   i/r   ]/r 

where A. ,. is the anomaly at station i relative to a new reference 

station j. 

• 3.  All expected travel-times in this report have been cor- 

rected for the ellipticit> of the earth such that the computed 

anomalies may be used in conjunction with other programs requiring 

these corrections. 

4. An arbitrary geographic name given to the event region. 

5. Range of epicentral distance in the event region. 

6. Range of epicentral azimuth in the event region. 

7. Date and arbitrary name given to each event. 

8. Epicentral distance, in kilometers, from the reference 

station, R. 

9. Epicentral azimuth, in degrees measured from north to 

east, from the reference station, R. 

10.  Station designator, i. 
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11. Measured travel-time anomaly in seconds, at station i 

relative to station R for the kth event; 

A?/« = T^ - Tk - H^ + Hk i/r   i   r   i   r 

where T is the observed arrival time and H is the expected (Herrin 

1966) travel time from the hypocenter of the kth event including 

correction for ellipticities but not for station elevations. 

12. A fixed-point zero anomaly indicates that no reading 

was made at the station for that event. 

13. The average anomaly at station i of N recorded events; 

i/r 

N 

^=1 i/r 
/N 

for the defined region. 

m. Standard deviation, or error of estimate, at the ith 

station for N observations: 

for the defined region. 

15. Number of observations, N, at station i for the defined 
region. 

16. Total number of epicenters included in the defined re- 
gion. 

17. Epicenter latitude, degrees (USCSGS); plus north, minus 
south. 

18. Epicenter longitude, degrees (USCSGS); plus east; minus 
west. 

19. Event depth, kilometers CUSC6GS). 

20. Event origin time, hours, minutes, seconds (USCSGS). 

21. Standard deviation, or error of estimate, of the kth 

■I 
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—" i 

event in the defined region; 

ak  * Ja     (Ai/r - Äi/r)2]   '^lj 
1/2 

where L is the number of stations recording the kth event not in- 

cluding the reference station R. 

22. Average error, or bias, of the kth event; 

L 

k ".^  (Ai/r - Äi/r)/L *-  - I 

where L is the number of stations recording the kth event not 

including the reference station R. 

23.  Standard deviation of the kth event in the defined 

region, with the reference-station bias E. removed: 

^'{[Jl  <Ai/r " Ek - 5i/r>2]  /(L-1)} 
2i4.  Number of stations, L, recording the kth event, not 

including the reference station R. 

The program TIMEANOM permits a rapid determination of travel- 

time anomalies for a network and for a set of events within a re- 

gion, and it can be used to isolate spurious readings or blunders 

at the stations or, for earthquakes, possible mislocations. 
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