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ABSTRACT

A study is made e¢f a set of well-recorded Aleutian Islands
ecarthquales and the nuclear explosion LONG SHOT. Whereas past
studiesdof travel-time anomalies and location errors have been
based on seisnic signals from explosions, the main object of
the curreat study has been to extend our working principles to
secismic data tfrom earthquakes. Using a selected teleseisnic
station network, travel-time anomalies were computed and various
techniques applied to achieve location cons‘stency across the
entire region. Basically, the techniques involve deriving space
functions for the observed station anomalies and imposing the
following criteria for success: tight clusters of locations for
cach event nade with network subsets, acceptibly low standard
deviations fron the least-squares solutions, and reasonable

station anomaly functions.

Using LONG SHOT as a bias control point, a set of segnented
constant anonalies were derived for the network of stations used.
Neglecting depth, the relative location accuracy is believed to
be about 5 km; standard deviations of solutions generally were
reduced to less than 0.25 sec, a value accepted as being due to
reading and timing error. Conmpared with published locations, the
events in the Rat Islands and Near Islands as a result of applying
the technique shift 20-30 km southerly, and those in the Fox Islands
and Andreanof Islands shift 10-20 km southerly.

To demonstrate the difficulties of locating events in the
Aleutian Islands, well-distributed sub-networks of a 329-station
network were used to locate LONG SHOT. The locations obtained,
any of which would have been accepted as not unusual because of
network coverage, exhibit errors as large as 45 km with two-
quadrant networks and 160 kn with single-quadrant networks; travel
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time anomalies conputed from the various solutions have a range
of more than 11 sec at station NP-NT.

To verify the techniques: used, a study is also made of a
set of hypothetical events and station anomaly functions., It is

shown that (1) even though a constant network is used and a
v

—

(4]

constant anomaly is the only error, relative accuracy may st r
due to a network effect caused by the nonlinear travel-tine/distance

relationships; and (2) the techniques of functionalizing the station
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anonalies are valid and could®be implemented as reconmend

studies in selected regions.
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INTRODUCTIOX
-

The main purpose of the present study is to apply to earth-
quakes those techniques known to be valid for accurately locating
underground, explosions within a snall region using travel-tire
anomalies and teleseismic networks. Additionally, we hope to
demonstrate techniques for extending the region over which
functional station anomalies can be derived so as toc provide
more accurate locations than those obtained frem simple least-

squares schemes.

Heretofore, most seismic,studies\&éa{ing with travel-tires,
location accuracies, and '"station correcti&ﬁs? have used explosions
to provide the event data set, because only then can one be certain
of the hypocenter and, hence, of actual travel times, origin
times, station anomalies, and the effects of an inadequate earth
model. Such studies could meaningfully investigate time deviations
on the order of 0.2-0.3 sec. Shqull .ene include earthquakes in the
data set, conclusions fbgardihg'ibcation accuracy and travel-time
anomaly stability from one region to another always remaip'in
vquestion. This stems from the fact that errors in the location of
an event assumed correct can produce errors 10-20 tipes the size
of the time. anomaly or of the anomaly changé one is trying to
observe (Chiburig‘and vean, 1965; Chiburis, 1966).

/

Earthquakes have been used generally to obtain first-order
effects of inhomogeneity, principally in the vertical velocity
distribution of the earth compared to a standard earth éodel. Twe
such models are presently in common use: the Herrin (1968) model
ﬁ?nd the classical Jeffrevs-Bullen model. A number of qther nodels
have been proposed (e.g., Archambeau et al., 1969) to provide

finer details in the velocity distribution usually enphasizing



one or nore low-velocity lavers or transition zones not included

in the Herrin and Jeffrevs-Bullen models.

It is now clear that even these improved models are inadequate
to give time-distance relations sufficiently accurate for locating
large events nuch better than 20-25 km on.the average. For small
events, and correspondingly lafger reading errors, the location

errors can easilv be 530 km or nore.

~Among others, Chiburis and Ahner (1970) poiﬁted out, that
the probable causes of the time anomalies are due to unknown
lateral inhomogeneities in the mantle (all the way down to the
core) and to complexities in the upper mantle and crust in the
vicinity of the recording stations. It is doubtful that we will
ever be able to devise a three-dimensional world model accurate
enough to account for observed anomalies. However, in special
cases one does not need a completely accurate model simpiy in
order to locate events: anomalies can be determined from an
explosion with known location and applied to subsequently recorded
explosions in the same region. In this way, locations can be
obtained with an absolute accuracy of 2-3 km (Chiburis, 1968). In
fact, the exact location of the calibration event is .immaterial;
the accuracy of other events relative to it remains the same
(Chiburis and .%ner, 1970). As a result of doing this for many
regions, valuable information about the spatial patterns of event
occurrence and the distribution of energy release could be
provided. Most important, perhaps, is that location consistency
among many events could be achieved, region by region, with the
result that fewer events would have to be specially analyzed-or
would have to be excluded from bulletins simply because of poor
tine fits; furtheérmore, those events included would display
significantly smaller station time errors. That such results are

achievable when locating explosions has been demonstrated by



¥
£l

£

(ampng others) Chiburis (1968) and Chiburis and Ahner (1969) and
(1979). '

" However, if earthquakes are excludqﬁ’from analysis of location
techniques and of model inhomogeneities, the number of regions
available for study is severely limited and the resulfs are apt to
be less-general. Also, explosions are usually detonated in such
widely separated regions that the large variatiops observed in the
anomalies between regions someti;es cannot be assessed. Since
anomalies at a given station are known to change significantly
over epicentral distances of several hundred kilometers, it is
almost certainly invalid to determine anomalies from two regions
a thousand kilometers or more apart, linearly interpolate between
them, and hence obtain anomalies having any significance for under-

standing mantle inhomogeneities.

The principal difficulty with using earthquakes is that thé’f/
determination of . travel-time anomaly requires an event location
in space: latitude, longitude,.and depth. Knowledge of the origin
time is unnecessary. Although several event lists are available
which provide hypocenters from which anomalies can be calculated
for any network, the location parameters have been determined
with sets of stations differing in number, in kind, and in reli-
ability and quality of recording; and with widely different earth
models. Thus with such an event set, the station anomalies conputed
are ushélly not consistent, even for earthquakes occugring in a
single region; for earthquakes occurring in adjacent regions, the
anomalies agree hardly!at all. For explosions, reproducibility
has been verified many times in several different regions (e.g.,
Chiburis and Ahner, 1970). There is no known reason (other than
mislocation) why earthuakes should vield inconsistent anomalies,

but explosions consistent ones.

However, a study of earthquike anomalies need not be deterred

v



if one is aware of the effects that mislocations can produce, and
a‘»thc conclusions drawn arc understood in that context. The
objectives of the present study are: (1) to demonstrate that
location and anomaly consistency can be achieved despite misloca-
tion; and (1) to gain inmprovement in the relative locations of
carthquakes throughout the Aléutian Islands region. Our critcria

for success are location and anomaly consistency.

By location consistencv, we mean that an event location

obtained with a well-distributed network must agree within 5 kn
with the locations obtained with well-distributed subsets of the
initial network. It must also be true that the least-squares

tine residuals of the sevcral network solutions for the event
reduce to levels generally accepted as being due to reading and
timing errd¥. . 4

o

By anomaly coiisistency, we mean that the anomalies at a

station nust change across the Aleutian Islands in a physically
plausible way, and that the set of anomaly functions derived for

a network nust produce location consistency.

The sequence of steps through which the report progresses to
achieve the desired result is as follows. First, it is demonstrated
that the location errors obtained by using different networks vary
widely in nmagnitude and direction when locating the LONG SHOT
explosion in the Aleutian Islands.

Therefore, a constant network is selected to locate a set of
events across the Aleutians by (1) using no anomalies; (2) using
the LONG SHOT anomalies; (3) using a linear anomaly function for
cach station (based on the reported locations); (4) using a
linecar anonaly function doubly constrained by an earthquake in
the Fox Islands and the LONG SHOT explosion; (5) using a segmented
linear anomaly function constrained by four events equally spaced °
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across the Aleutians; and (6) repeating the last step but trans-
latinig the function to remove the observed LONG SHOT bias.
Finally, instead of allowing the anomalies to vary continuously
between constants, the anomaly function is assigned either two
or three constant values across the en;ire Aleutians. Each of the
steps, increasingly more complex, provides for sone inprovenent
in location consistency and all are presentecd to i1llustrate the

method of analysis for a region as large us the Aleutian Islands.

In order to verify the results obtained above, a set of
synthetic data for a hypothetical earth nodel is analyzed; it 1is
shown that the same order of consistency is achieved when the
technique is applied to the synthetic data as it was to the real
data.

<



DESCRIPTION OF THE DATA C B

A set of well-recorded earthquakes from the Aleutian
Islands region, which includes the Fox Islands, Andreanof
Islands, Rat Islands, and Near Islands, was selected to form
our data base. The event set (Table I) is composed of 108
earthquakes and two explosions ranging in magnitude from
1.5 to 60.5. The earthquake parameters given under the "NOS"
colunmn are those reported on the National Ocean Survey (NOS)
Preliminary Determination of Epicenters cards. The location
parameters of LONG SHOT, an underground nuclear explosiorn| on
Anchitka Island in the Rat Islands, are those relecased by the
Atonmic Energy Commission. The location parameters of FLEXBAG,
an underwater explosion detonated about 65 km southwest of
Anchitka Island (Chiburis and Ahner, 1969, for a seisnmic /
analysis), are those reported by Kos and Kennedy (1969). A
plot of the cpicenters is shown in Figure 1.

A teleseismic network’of 54 stations, well distribute# in
distance and azimuth, was selected (Table II); of these, VS are
World Wide Standard Seismic Stations (WWSS ), 28 are Long \angg
Seismic !leasurement (LRSM) stations, four are Genevaftyp Observa-
tories, and four are‘F-ring stations at the Large Ape;tu'e Seisnic
Array (LASA) in Montana. Arrival iimes were read for those events
recorded at the LRSM stations and observatories; arrival times
for the WWSS stations were taken from the Earthquake Q ta Reﬁorts

(EDR) published by NOS.
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DETERMINATION OF TRAVEL-TIME ANOMALY

14 . : .
As used "in this report, the travel-time anomaly at station
. relative to station j is defined as

<
-

A 5. - T. -.H. + H.
ij 1 B i j

0
- N
[

where r is observed arrxval time and H is the travel time predicted
fron >0ne established models. This definition has been used pre-
viously (e.g., Chiburis and Dean, 19&% Chiburis, 1966, 1968). In
Jdiscussing travel time anomalies for a given network of- stations, we
refer travel txnes at all stations to that of a givefi~station

of the network. In other words, i varies and j remains constant.

Travel-time anomalies were computed. usxng the Herrin (1968)
tablcs for all the events in Table I and for those stations in
"Table II recording the events. Inltla{}v the input latitudes,
longitudes, and depths, necessarv for calculating the predicted

times, were ‘those in Table I reported by NOS.
[
Plots of the anomalies for two selected stations relative to

UBD are shoun in Figures 2a and 2b as a function of longitude
across the Aleutians. No implication is made as to the longitude

parapeter being of .significance; it is mere convenience.
.,_ 7 .

The variability obseryed in Figurés 2a and 2b is far greater
than etpected' the anomalies are known to change as a function
of event position, but not in the erratic manner shown. If the
results in these two Figures were representatlve of actual anomaly
“profiles, the pxoblen of calibrating seismic’ regions to the degree
necessary for accurate location work would be. almost impossible.

if it is assumed that the station anomalies are reasonably’
constant kxthxn a region, that they change only slowly if at all
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from one region to an adjacent one, and that the arrival times
are read correctly to within 0.25 sec, the observed erratic
behavior of the anomalies can be attrlbuted only to mislocation
of ‘the hypocenter from which travel-times are computed

It is well established that the anomalies for a station pair
separated by a hundred kilometers or less computed from events
in a particular region are constant, and that the anomalies .vary
slowly between adjacent regions (Chiburis and Dean, 1965; Chiburis
1966, 1968; Chiburis and Ahner, 1969, 1970). For example, in
Figure 3 the anomalies at stations F4 and E2, relative to gtation
A0 at the Large Aperture Seisnic Array (LASA) in Montana, are
plotted as a function of epicentral distance for events arriving
‘along a northwesterly a"imﬁth In this figure, the anomalies are
virtually constant (within about 0.1 sec) for a particular distance
window (anomalv-fegron) and vary smoothly from one region to the
next. The effect of any event mislocation in. this example would be |
minimal for the stations used because of the . 'small dlstances to /
the reference station AD (97 km for F4 and 69|km for E2) and this

fact contributes to the consistency. a

That the qislocation effect in computing. the anomaly is a
function of station pair separation has been discussed by Chiburis
and Dean (1965) and by Chiburis 1966. In the latter study .it was
shown that the maximum anomaly error A in seconds can be approxlmated
by '

[¢ 7]
-~
¢

-

where a is the distance in kilometers separating the station and
its reference, §r is the event location error vector in km, T is |
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the travel time in seconds, and A is the epicentral distance in km to
the station pair. Therefore, if an event at a distance of 5,000 km
is mislocated by 50 km, the errors in the computed anomalies for

F4 and E2 would only be about 0.10 sec and 0.07 sec respectively.

On the other hand, if the station-pair separation is 4,000 km,

as is the case for NP-NT and UBO in Figure 2, the anomaly error
would be about 4 sec. Clearly, even smaller location errors (on

the order of 10-20 km) in the proper direction can explain quite
large disagreements in the anomalies; such errors are the probable
causes of the observed anomaly inconsistencies.

Before the anomaly errors due to epicenter mislocation can be
properly aséessed, the depths of the events must be known as well
as possible. The depths resulting from an unrestrained least-squares
solution of P arrival times, without corrections for travel-time
anomalies, are known to have an average error of 75 km or more
in some regions (Chiburis and Ahner, 1970). Such errors are far
too large to permit a sensible determination of travel-time anomaly.
The only known way to determine depth unambiguously is to identify
the phase pP and restrain the least-squares solution. The selection
of pP on an event seismogram recorded at a single station is highly
subjective, princish;ly because of signal-generated noise in the P
coda and because of energy from a multitude of other phases.
However, if a suite of seismograms recorded at different stations
which are widely separated in distance and azimuth is aligned on.,
the P wave, time-distanceorelationships of coherent energy can
usually be correlated with distinct phases.\Therefore, 110 events
in Table I were analyzed in this way. The maximum disagreement
with the NOS fteported depths in the event set is about 50 km.
\Although depth errors by themselves do not produce large anomaly
changes, the differences in epicenters, had the events been

located with restrained depths, can be large and can produce
significant anomaly changes. Therefore, all of the events in




- SN

R
Table I were relocated with depths restrained to our values based

on pP, but using the same stations as were used by NOS and rgported'

in the EDR. The number of stations varies between 12 and 126,
excluding LONG SHOT. The resﬁlting restrained epicenters are given
under the "Adjusted” column in Table I. Also included are columns
indicating the estimated reliability of the pP time pick and the
shift vectors from the NOS locations to the Adjusted locations.

The maximum shift is about 40 km, excluding the nine events

appearing in Table Ic. (These nine events are unusual in their
signal characteristics and in their anomalies; it is believed that
they are multiple events, and they will be analyzed in a special
study at a later date.) The reasons for the fact that there are
slight differences between the number of stations used by SDL

and by NOS are as follows: (1) no stations were included which
reported PKP arrival times or two P wave arrivals close together;
(2) where two stations are located at virtually the same site
(eig., MBC and NP-NT)'only one w;s used.

Recomputing the anomalies from the Adjusted locations for
stations NP-NT and NUR yields the anomaly plots shown in Figures
4a and 4b. A comparison of these results with those in Figures 2a
and 2b shows eésenqially no improvems t in the functional patterns.
If it is assumed that some of the scatter is due to those events
not lying within th% Aleutian Islands region proper, these events
can be separated and so ﬁa;ed by the circled values in Figyres da
and 4b. A total of 2] eveats was eliminated in this way; they are
listed in Table Ib. oweger, the anomalies still do not show a

consistent enough relation across the region to be used for location

purposes.

The question of reading errors being the producer of anomaly
errors can be only partly answered. Generally, for the LRSM and

VELA stations listed iﬁ Table II and the examples in Figures 2 and 4,

-10- -
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all arrival times were read by SDL analysts,’/so reading'errors
are believed to be acceptably low. Atrival’times for other .
stations were taken from the Earthquake Data Report§ published
by the NOS. Later in this report we show that these reported
times are often in error by as much as one second.

Therefore, the event sét in Table I, although largely
composed of well-recorded earthquakes, most probably contains
location errors of perhaps 30 km, or more and the anomaly ‘incon-
51stency is not surprising. The possible errors one might encounter
when locatyhg events in the Aleutian Islands is demonstrated in
the next sectlon.
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yield of 80,000 tons TNT equ1va1ent P wave 51gnals were well'
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ERKORS IN LONG SHOT LOCATION USING DIFFERENT STATION ‘NETWORKS
The underground nuclear explos1on LONG SHOT was detonated
29 October 1965 on Amchitka I¢land in the Rat Islands with a

recorded at virtually all distances and azxmuths..ln their conm-
prehensive report, Lambert et al., (1969) dlSCUSS the seismic
location made with travel-time data from 329 stations available

to them, although probably several hundred more stations recorded
the event. The location obtained by restra1n1ng the focal depth

to the known value and using either the Herrin {1968) or Jeffreys-
Bullen tables was approximately 21 kn in error to the northwest
(Lambert et al,, 1969). To now demonstrate the possible variations

'in location for the Rat Islands region, selected subsets of the
329-station network are taken in d1fferent ways and Uhe ‘resultant ..

' ' 4

locations discussed.

First, a network can be defined on the basis of its azimuth

| aperture or quadrantal coverage Requlrxng a minimum aperture of
180°, or two quadrants, and beg1nn1ng with the sector 0°-180° (north-

east and southeast quadrants), all stations within that azimuth
range regardless of distance are used‘to locate. Increme “ing

the two-quadrant sector by 22, 5°, a total of 16 separate iocations
can be made with networks all haV1ng 180° aperture. These results

. are shown in Figure 5, where the 329 statzon ‘case is included for

Comparison, as well as the number of stations for each case, which
varies from 57 to Zf\\staf/ons. The resultant location errors are

as small as 13 km and as 1arge as 45 km. There appears to be a

preferred shift toward the northwest, suggesting a bias independent

of the nefhork although five of the 16 locatlons shift otherwise.

From:the results of this Figure, one can state with some
assurance that the epicenters of events in the Rat Islands and
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Andreanof Islands (and_probablythroughoutthe entire Aleutian
Islands) are not known to within 20 km of their true locations,
regardless of the distribution or stability of the networks used

to locate them. A reiteration of a conclusion previously drawn
(Chiburis and Ahner, 1970) is in order: location errors are

caused by the set of ‘travel-tinme ahomalies at those stations
uniquely defining a particdlar network; several networks, similarly
distributed but composed of different stations, can yield entirely
different locations for the same event, even if a randomly selected

network sometimes shows a bias due to the source.

If.single-quadrané distribution (90° aperture) 1s accepted
as a minimum, instead of two quadrants,énd the quadrant is incre-
ménted by 22.5°, the resultant locations are shown in Figure 6,
The errors now range between 2 km and 163 km, with an averagé of
more than 50 km and no apparent preferred shift direction. The
number of stations varies between 22 and 200 with no firm corre-
lation with the size of the error.

If the entire network of 329 stations is now ordered on the
basis of increasing azimuth (0° to 360°), and every tenth station
of the ordered set is used for locating, a set of nine 32-station
networks 'is obtained, each with approximately four-quadrant
coverage. The locatioﬁ results are shown in Figure 7, where a
distinct northwesterly error of about 17 km can be observed.

This suggests that for the earth model used to compute travel
times, those stations that "bear northerly” from LONG SHOT are
early in time relative to those stations that 'bear southerly".

A plot of the zero-mean travel-time anomalies vs azimuth is

shown in Figure 8, where the northerly stations, from 340° to 70°
azimuth, are indeed seen to be generally early and the southerly
stations from 70° to 340° generally late. However, ghe scatter of

the anomalies, even within azimuth windows of 20°-30°, approaches
» aPP
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»
3 sec, which in itself is enough-to cause location errors of .
50 km. Because of this fact, the practice of fitting a sinusoidal
curve through these data in order to predict what the anomalies

would be for events -occurring in this region is hardly more than

an exercise, although it may.remove a portion of the bias. For

precise location work, anomalies need to be/known far better than

0.5 sec; but with a known scatter of 3 sec, any reduction in

location érrors obtained by applying sinusoidal azimuth-dependent
corrections is entirely coincidental. If instead of ordering the
station set by azimuth, ordering is on the basis of increasing
epicentral distance and every 10th station selected, énother set
of nine 32-station networks is obtained, agaiﬁ each with approx-
imately.four-quadrant coveragé¢. The results are shown in Figure 9,
which show about the same northwesterly bias as in the azimuth-

ordered results of Figure 7.

In any»ieast-squéres procedure of location, the digkribution

.

of the true (zero-hean) time errors regardless of distance or
azimuth is critical to the result. In order to solve for 'the
correction coefficients, the residual errors are assumed to have
the normal distribution about an assumed travel-time distance
relationship. But the actual .errors for a particular event, may
not, and indeed generally do not, have the normal distribution.
A plot eof the 329 time errors computed from the true location of
LONG SHOT is shown in Figure 10a for a 1.0 sec error interval.
There is seen to be a definite skewness toward negative errors or

early arrival times reiative to the earth model; the standard devia-

tion for these data is 1.3 sec. This is another effect of ¢the varia-

tion of travel time with azimuth, After least-squares adjusting the
epicenter, resulting in a 21 km shi’i, the minimized zero-mean time

errors are shown in Figure 10b. Now the nearly-normal distribution

is clear, the -standard deviation for these data being 1.0 sec. The
éssumption made b& empioying a leasf-squares scheme in the first place 5

-
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increasing distance.
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is that any subset of travel-time \anomalies, even a large one (Figure-
10a), has a normal distribution and must be minimized because of

random imperfections not because of systematic early or late
arrival times. The anomalies are due to lateral and vertical
inhomogeneities which are not allowed for in the earth model;
the actual effects of these inhompgeﬂeities may be large and

nothing dictates that a particular set of anomalies for the

network locating the event should be as small as possible in a
least-squares sense. The only errors\which should ever be

minimized are those due to reading precision; these are random
and probably have a zero-mean normal distribution.

From the above results, an example can be given of the

difficulty inworkingwith a mislocated barthquake’data‘set~and
of possible anomaly errors computed'from the various LONG SHOT
soluti%ns,for station NP-NT. The anomaly inconsistency for this
station is shown in Table IIl, in which the range is 11.44 sec.
If LONG SHOT had been an earthquake, any one of these epicenters
might have been reported, depending on the particular -network
available at the time of occurrence, and hence, any one of these
anomalies would have been computed andnaccepted.‘put if accurate
locations are to be realized for a particular region, anomalies

must be known to within 0.25 sec, including reading error; an
11 sec uncertainty is useless.

The principal conclusion to be drawn from the preceding
exercise is that by studying anomalies across a region as large
as the Aleutian Islands (approximately 1600 km in extent) and

that by using earthquakes which are all differently mislocated, -

the anomalies must be expected to display variations and inconsis-
tencies which are not real. However, even if event mislocation

is the chief cause of the VQriatiGns,'an éttempt can be made to
achieve both anomaly and location consistency, no matter how

,

) -15-

[P —



. 4 !WW
’. ' AL
P
N
N
[ J
TABLE 11 €
§
TraveL-Time Anomaries AT NP-KT CorPuTED FrOm VAR1OUS LOMG SHOT Seismic SoLuTioms. ’.,! '
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o . ! \ j\r'-m Anomaly
. Azhsuth Acrus) mistance kelatlve
Lomg what wethod 3¢ Sele.ting Sumbér of Range \pcrture Sangc “ o 10"UM010
Lggdtlign Lhe Network Stataons (In begrees) (ln Degrees) (1n Degrecs) ' W‘Tnln Seconds
' ST ke
AlL Stations I 39 0- 360 359 20-99 t e
100° Sector gd 0-180 1" 0-99 L-"‘ e1.53
! 180° Sector 10° 180-0 112 32-98 N e0.as
' 190° Sector 1209 22,5-202. 17 2899 o e
§ 139° Sector L 202.5-22.5 179 20-93 j *0.°9
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2 90° Sector a7 | 138-228 . " 3s-98 ! 02,84
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Lvery Tenth Station: .
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] / . i 0-360° 382 z|-z) 10
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e onl i 7 ) 2 0-360 339 20-98 o1.19
I ‘ 2 0-3%0 353 21-91 .1.22
- . 2 0-340 352 ©22-91 °1.00
i d 2 0-360 !  }31 Loo22ee e1.40
a9 ! R 0-48 - 318 2:-92 °1.98
5o 2 0-330 356 22.92 °1.38
51 . 32 0-340 350 12-92 \ *1.09
Y _ 2 0-360 us 22-92 \ e1.12
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artificial: the anomaly funct1ons and the relative lecations
appear to be. Wlth the LONG SHOT explosion prOV1dihg a ""bias"
constraint in ‘the vicinity of Amchitka Island, relatxve loca-
tions can be made using functional anomalies at 1ncreasxng
dxstances from LONG SHOT, always demanding least-squares
consistency and reasonable funct1ons.u
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DhI%&ﬂJKATION OF ANOMALY FUNCTIONS

Selection of a constant network

It was shown in a previous report (Chiburis and Ahner, 1970},
as well as i1n the preceding section, that "location bias'" is a
tunction of the particular network used; also, if a constant
network is used for locating a set of events in one region,
'rclativc accuracy within the event set is not affected, although
all of the events nay‘be translated by an unknown bias. However,
if different networks aré used to locate different events, trhe
results of locating in a particular region display large unpre-.
dictable errors, unless anc ilies are applied.

Therecfore, in this report, in o}der to remove the network
cffect, a constant network is selected, all stations of which '
recorded a sttable nunber. of the events. in T;ble 1 (8 Subsets of
this nethork gad then be used to demonstrate’ location consxstencv

Inltlally, the cons;ant network was composed ofkseven LRSM
and VELA stations and eight NOS and participating stations. The
nunber of cvcnts was ten. Various techniques were initially ‘
cnploxed ~0 achieve -consistency, .none of which yield satis-
factory results. \Event ly it was supsected that the reported
arrival ‘times at QDS s*atxoﬁs were - partly responsible for the
poor results. An effort was made to obtain the selsmograns from’
the NOS library in order to check the readings. Only those seis-
‘nograms from the WWSS 'system 'were available; the seismograms from
participéting stations wesé«not Table IV is a list of only 2
those read;ng dlscrepancxés greater than 1.0 sec found at eleven
>éleFted hhSS ‘stations for a set of 50 events.

XLA total of 279 readings was ‘compared. Of these 40 were different
Aore than 1.0 sec and 114 by more than 0.5 s%c. Consequently,

" ¢
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.
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TABLE 1V

Selected Arrival-Time Discrepancies Greater than 1.0 Sec
(SbL - NOS)

.

-1.4 +1.8 -1.7 -1.1 -2.0 -1.0 -2.0 +1.3
+1.0 +1.4 +1.4 -1.5 -1.9 +1.7 +2.1 +1.4
+2.1 #1.0 1.0 1.2 -110 =1.0 -1.5 =18
Sl e 1s Y 8. & =TT =448 <A =2 4.7
~1.0 +1.0%-1.0*-1.1 -1.3 -19.9% +1.2 -1.3

*Reading not used by NOS in location reported.

'



all readings used 1n the rest of this report are only those /

for which seismograms were obtained and analyzed at SDL.

The constant.netwo;k,finally selected, referred ag
\etwork 1, is composed éf fourteen stations. Three ubsets of
this network were devised (Table V). Also giVenrin this table
are seventeen events, each of which was recorded by all four-
teen stations. The LONG SHOT explosion is included in this
set, but not FLEXBAG, because it was not recorded by all four-
teen stations. Therefore, only one event serves as bias control
for-the study. A geographic‘map of the seventeen events is shown
in Figure 1l. Although farther apart than desired, the number
of events is the maximuﬁ obtainjble for as many as fourteen
stations. By decreasing the number of stations, one could obtain

more events, but the network would be less effective in azimuth

and distance distributidn.

Y.‘ - - -
Inicial locations

\

Using the Adjusted locations given in Table I as the input
parameters, the seventeen events were located by the four networks
with raw arrival times. Recall that the Adjusted locations are

relocations of NOS hypocenters with depths restrained to pP readings.

The shifts from the input location are shown in Figure 12 on a
magnified scale, The four networks yield locations which disagree
with the input location by over' 60 km for some events, and the
scatter'within the clusters 1is as large as 35 km. The reason

for this poor result is that the networks are composed of different
sets of stations which have quite different distributions of
anomalies. The clustering and standard deviations of the least-
squares solutions for therseventeen events are listed in Table VI.
Several standard deviations become quite. small, showing that

small residuals are a necessary but not_sufficient indication of

accuracy.

s18=
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LONG SHOT anomalies for, corrections

The LONG SHOT anomalies, which are accu;ately known, are given
in Table VII for the fourteen stations. If it is assumed . that these
anomalies are valid across the entire Aleutian region, they can
be applied as corrections to all arrival times. The location
results of doing this are shown in Figure 13. Several of the
events, particularly in the Fox Islands, now tend to approach
a tighter cluster of solutions for the fqur networks. But for
the Andreanof 9, 10, 11, and the Rat Near events, no inproved
clustering is observed. In fact, when no anomalies were applied,
far greater clustering was obtained for these events (Figure 12);
regardless of the clustering, the standard deviations are
generally now larger (Table VIII). This implies that a poorer
travel-time fit is being obtained in the least-squares schenme
when LONG SHOT anomalies are used as corrections.

- Both network clustering and a reduction in the standard
deviation (or an approach to an acceptable value -- say 0,25 -
0.50 sec) are necessary in order to achieve consistency and
relative'accuracy; but they are not, alone or together, sufficient
to obtain absolute accuracy (complete removal of "bias"). The
only known way to achieve absolute accuracy is to have seisnic
data available from a known explosion previously detonated in
the vicinity. One might expect that LONG SHOT would approximately
calibrate adjacent regions. In fact toward the east the standard
deviations decrease for Andeanof -11, -10, and -9 when using
the LONG SHOT anomalies. llowever, the clustering results for
these same events are worse; thus the results are incenclusive.

As the LONG SHOT anomalies are not valid except in the
immediate vicinity of Amchitka Island, and possibly eastward for

4
¢
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TABLE VII

LONG SHOT Anomalies for 14 Stations Relative to UBO

A

\

Observed Long Shot

'Station Anomalies in Seconds
NDI " -1.23 SLI
QUE -0.10
NUR -1.46 !
'STU -2.74
NOR -0.72 ’

NP-NT 0.02
coL -1.39

HN-ME ’ -2.21 A

RK-ON -2.12

LAO10 -1.29

WMO06 -0.54

UBO10 0.00

TFO60 0.62
TuC 0.10

4
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a short distanpe, a set of anomaly functions, ‘one for e¢ach station,

/ needs to be derived which will provide consistency, p¢twork

clustering, and acceptable standard deviations acrgss| the entire
Aleutian Islands. It would be trivial to draw func?hons exactly
through the ancmalies in ﬁ}gures 4a and 4b, which are simply the
anomalies from the Adjusted locations, for two reasons: f:rst

it is hoped that the anomalies would not change as drastlcaII}

as shown over such small distances, and second, that there should
be at least a suggestion of the anomaly being monotonic or having
a smooth rate of change over distances of 500 km or so. In other
words, the. functlons uhaﬁ one derives. should be geophysically

realistic. !

\ , | '

Slmple functional anomalies

If 1t 1s assumed that the anomaly variations produced bv the
earth are greater than thé errors due to mislocation or to
measurement, the AdJusted locations can be used to compute
anomalies at all of the stations and to estimate anomaly fuhctlons

by fitting a linear relation through the anomalies for each station.

Because the LONG SHOT anomalies are accurately known, bias con-
straints are available for each of the curves on the anonaly axes. ,
These curves and their translations are shown in Figures 14a and .
14b.

A linear function is the simplest possible and provides.a
starting p01nt from which more complex functions can be ‘devised.

I1f these valucs are'now applied as a function of longltudc, the
event set can be located by the four networks, the.results of which
“are plotted in Figure 15 and listed in Table IX. Except for
Andreanof-11, it can.be seen that both clustering and reduction in
standard dev1at10n ate bclng accomplished about the same as in
Figure 13. The four network solutions for an event aie now

'\
)
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Figure 16a. Determination of FOX-1/LONG Si0T7 functional ancmalies.
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tire deandued devidatiohs are, remarkably improyed through the Fbx

cod Nidreanc? Islands, generally by a factor of about two. There-
IO, usplyg w0 widely separated events a8 constraints, the least-
squlires fits and the network clustering of events between the twe

. P T | * v . o "y e
A DRCCY a1 e -TRNYRA

b

les, constant anomalies, or single-
coastraant linedar Functionil anomalies had been applicd.
In ordey to gatn location control in the Y¥ear Islands, and

to roprove the locations 1n the Andreanof Islands, two additional

re
ve
-
’
e
t4

can be imposed, one in each of the two regions.

&

R mpoan s 5

secdause the anomalies are neither constant nor linear across
he entire Aleutian region, a set of anomaly functions can be
Jerived which are (1) constrained by the anonalies conputed from
four assumed-correct events (Fox-1, Andreanof-6, LONG SHOT, and
Sear-17) and (1) plecewise linear between the four constraints.
A plot of the functions, referred to as "FARN" (for Fox-Andreanof-

Rat-Near;, 1s shown in Figures 18a and 18b.

[he location shirfts obtained by applying the FARN anomalies
are shown 1n Figure 19. The scatter of the clustered locations
for cach event 1s reduced and is now about the same across the
cntrre Aleutlan region, except for Near-15 and Andreanof-11. Even
for these two events, it Network 4 1s not included, the clustering
arrroaches the average. It can be expected that Network 4 will be
unstahle due to its small aperture of about 59° where the effect
of small reading errors is exaggerated. A summary of the results
is given in Table .at;-where all of the standard deviations becone
¢ than 0.5 seconds, most being less than 0.35 seconds. The
clustering error is about 8 km, and without Network 4 being
0 d

ered for Andreanof-11 and Near-15, it is about 6 kn.
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shown im Figures 2@z amd 20b. The observed true LOXG SHCT ancnmalies
sre included for comparison. Significantly, for every station, the
faducial [onG . SHOT anomaly agrees much better than the true anonaly

with e oc.rthsuahe anomalies, which supports the hypothesis that
rth

guakes in the vicinity of LONG SHOT are

misioceied iwoa similar way.
1§ she functions in Figure 20 are now applied as cerrections,

% the fou. networks are shown in Figure 1.

far nine of the events, Network 4 vields a result clearly art
-Lrisnce with the other networks; for Networks 2 and 3, there s
cne event a2t variance. Therefore, the results for these cases
¢ not included in torming the average shift fron the mean or

n forming the "hbest estimate” of the epicenter. The excluded °

) The asverage shift from either the mean or "best estinate’ 15
about 5>.5 ¥m, and for _ll networks the standard deviations are

less than 0.5 sec (except for one result, the standard deviations
sec) with the avcrage being less than 0.25

e to indicate reading precision. We should

e de
ﬂ:

he events with asterisks are included, then

+he Jeviation from= the nean is 8.5 kilometers, about the same as
for the FTARX anomalies.

17 anomalies are now conputed from the nean epicenters
Jerived above, the results as shown in Figures 22a and 22b
indicate that the station anomalies display less scatter fron

52 functicn than before the shifts.

It is now necessary to correct the anomaly functions for the
inown LONG SHOT bias and to attenpt to smooth then (renove sharp .

changes) across the Aleutian.

&
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“leutian functional anomalies

Because it is known that LONG SHOT is actually nislcfated
by 21 km to the north-~orthwest, we see that to obtain anonalices
which yield snall abso._ Jte location errors LONG SHOT, and to
some Jdegree the other even 1ts, must be shifted toward thc.soufh;
cast. ne would choose to shift them in such a way that the
anomalyr functions are further smecthed out. One of the gulding
observations in deterrmining which events to shift, and by how
nuch, is the apparent 'anonaly discontinuity"” displaved by
many of 'the stations (especially STU, XDI, Q
the vicinity of 179°W (Andreanof-10 and -11,.
this discontinuity is traceable to the original nislocation
effect in the Aleutians, but why it exists is presentl: not known.
Xnotner'guiding observaiion»is\that the only guantitative bias
information available is that vrovided from the LONG SLOT shift,
which amounts to 21 km toward the north- northwest. With these
guidelines, we choose to shift the positions of all of the events
between Andreanof-11 and Near-17 21 kn to the south-southeast
fron their respective "best estinates™. All events between
Andreancf-10 and Fox-1 were not shifted at all from their "best
estimates”. The plots of the anomalies computed fror the \arlablx
shifted locations and the new anomaly functions which-result are

shown “in Figures 23a and 23b. Al though the discentinuity renalﬁa,

T g

it has been reduced, and the functions are slightly nore continuous. ™
we choose these "Aleutian functional" anomalies tc be the hest
ones to apply when any combination of stations in Network 1 1is

used to locate events in the Aleutian Islands region. =

The results obtained by applying the Aleutian functional
ancmalies are shown in Figure 24 for the four networks and are
summarized in Table XITI. The corresponding final "best estimates”
of the epicenters are given in Table NIV with the shifts from
both the original NOS and the Adjusted locations in Table I.
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TABLE XIV
Final Best-Estimates of Event Set Located

with Aleutian Functional Anomalies

Yean or Best-Estimate

Locations Shift From Shift Fron
4 Latitude Longitude NOS LOCATION Adjusted Location

Event (Degrees) (Degrees) km km
Fox 1 53.583 N 165.727 ¥ = IR ' 8
Fox 2 52.743 N 166.931 W - 1 ' 5
Fox 3 52.646 N 168.163 W 10 .
Fox 4 52.082 N 171.372 W 8 3
Fox 5 | 52.008 X 171.535 % 19 6
And ® 51.682 N 175.361 ¥ 8 1
And 7 51.609 N 1l3.4s7 w 11 , 8 -
And 8 51.402 N 176.121 ¥ 10 4
And 9 51.452 N ;273.432 ] 5 3
And 10 51.528 N 178.385 W 4 10
And 11 51.088 N "179.628 W 30 ‘ 26

Long Shot = 51.472 X 179.214 E 5 5
Rat 13 51,703 N 176.507 E 14 9
Rat 14 51.663 N 176.196 E 28 27
Near 15 52.292 XN 173.621 E 17 . 19
Near 16 52.670 N 172.114 E 28 24
Near 17 53.004 N 171.217 E 12 17

Average Shift 13 10 =
1
‘I
= A
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Several things have been accomplxshed with these Aleutian
functional anomalies: (1) a tight location cluster (within about
5 km, 8 km 1f onc includes the rcadings with asterisks) using
three or four different networks; (2) acceptably low standard
deviations (about O. 25 sec) for, all qcthorks and events; and (3)

recasonable functioral anonmalies for eacq StB’lOﬁ .

Tne question persists, though, of the absolute and relative

L;
=

accuracy of location throughout the entire region. “Ihe anc

)

na
functions were derived using assuncd locations for the at

-
d:‘-\-

O

That these assuncd locations are incorrect by an unxnosn an
is beyond reasonable doubt. However, as long as it is Known wiilcn
events were used to deternine the functions, all subseguent events
can be referenced to them, almost as if it did not matter wilat
their actual location €rrors may have been. ivhen and if an event
occurs somewhere in the Aleutian Islands other than on Anchitka
Island, under conditions such that its location is accurately
known, tie anomalies can be recomputed and tie anomaly functions
translated to accommodate the additional constraint. fne positicn
of tihis additional event may be accurately known due to it being
another expf051on (far away from Anchitka), due to 1its being
recorded by a local hign quality network, or due to clear surficial
intensity effects (faulting, jointing, etc). The latter criterion
can only serve to remove gross bias, because visible effects

fron eartihquakes depend on many factors besides epicentral dxs;ancc;
this is furtner complicated by the Aleutian Islands region itself,
bpeing conposed of small and sometines uninhabited 1isi ands,.thercby
liniting the areal observation of intensity. But regardless of

tie availagilltv of calibration eveats, as pointed out in an
earlier section it is important that one first achieve consistency
throughout a region, and then concentrate on removing bias by

detailed empi "1cal studies.

<



(e nature of these studies can be briefly outlined. Select
4 network conmposed of more stations than were used in tals report
peraaps 30, such that at least six or eight stable network subsets
can be used. Unstable networks (as detwork 4) snhould not be included.
{ncyease the number of events to a far larger number tnan used nere,
periaps 40, Critically read and re-read arrival times for all
cvents at all stations. Using the censtraints of network clustering

oodn -of-fit, anomalies from known explosions or "well located”

i
]
th

carthquakes, reasonable functions (perhaps linear, but at least
smoothly varying), and maximun pernissible anomaly vq}ucs, one

. I
could progran and determine in a least-squares sense the bhest fit

of all locations.

Aleutian regional anomalies ,

The derived anomaly functions shown in Figures 23a ‘and 23b
generall" vary nearly continuously with longitude. Thls/result
mav appear to be at variance with the conclusions draah in previous
reports (Chiburis 1968; Chiburis and Ahner, 1970), wherein station
anomalies, determined from spatially separated explosﬁons, were
shown to be essemtially constant, at least across an /area approxi-
mately 70 km x 25 ka. However, it must be p01nte4 oum that the
functions derived in this report are made to change continuously
for two reasons: (1) most of the events are fartheﬂ apart than the
distance over which the anomalies would normally b# expected to
be constant (pfobably about 100 km), such that a éingle anomaly
could not be sensibly used as a correction; and (2) convenience.
In spite of this, and also to proéide a single value for a finite
region, constant anomalies within regions of the Aleutian Islands‘
can be deternmined from the values shown in Figures 23a and 25b
by averaging several anomalies over areas somewhat larger than

desirable. Because .of the lack of events, the regions and the

.

4

Rl
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constant anomalies are arbitrary, as the results of deternining
the step functions indicate in Figures 25a and 25b." The location
resuits obtained by using these regional anomalies are summari:ced
in Table XV, in which it can be seen that good clustering and low
standard deviations are being achieyed to about the same degree
as in the Aleutian functional anomaly case. Interestingly enough,
the only event for which Network 4 was not included in the
results is Andreanof-11. This suggests that perhaps constant
anomalies 6ver fairly broad regions may provide more stability

to networks with geometries like Network 4.

in an operational sense, the regional affiomalies thus
determined (Figures 25a and 25b) are the ones to apply when ¢
locating events in the Aleutian Islands with any combination

of the 14 stations in this report.

. Incidentally, additional stations can be added to this 14-
station network by first locating one or (better) several events
with those stations having anonalies. With the resultant epi-
centers, an (average) anomaly can then be computed for the
station to be added. For subsequent events in that region,'thc
original network and the new station (or subsets of ‘them) can
now be used for locating. In this "bootstrapping' way, any
number of  new stations can be incorporated into an existing
network such that eventually all stations of any importance
would be able to contribute equally and consistently to any

solution.

Sunmarizing the Tesults of fitting functions to the observed
anomalies in various ways, we conclude that the set of constant |
regional functions derived are plausible and estimate the station
anomalies for events in the Aleutians. The anomalies, when
app11ed as corrections, are believed capable of providing more
accurate relative locations for events between the Fox Islands

and the sear Islands.
x

~
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SYNTHETIC EARTHl STUDIES

All the preceding results ‘were obtained using real events
and real arrival time data recorded by fourteen stations. These
data necessarily contailn time errors which are due to {1) reading
precision because of less than perfect signal guality; 1) unaccount-
able travél-path effects {anomaly instability); and {3) station
timing systena errors. It would be desirable to completely elininate
the last two types of errors and to be able to concentrate on
investigating particular aspects of the functional anomaly technigue
in order to verif" or 'refute the gencral method. To achieve this,
a data set was >\ntn031_ed by assuming that the Herrin [1365)
taolef are perfect; from this ideal earth, theoretical arrival
times were computed at the same fourteen staticns for twelve
hypqthetical events equispaced across the Aleutiang from the Fox
to the Near lslanda, but including the known LONG SHOT location 1n
the Rat Islands. The latitudes and longitudes of the hypothetical
évents plus LONG SHOT are given in Table XVI. For simplicity,
all events were assumed to have surface foci. The effect of
cver-present reading error was incorporated 1in the foilowing
manner: a et of numbers was drawn ramdonly from a normal popula-
tion (Huntsberger, 1961) by use of random nunber table. The sect
was then scaled to maintain a standard deviation of approximately
0.25 sec for each event, using all fourteen stations, by the

relation

£ (&l = \J)[O 25 (8- 1)(5 ) 2],

where \3 is the random time error (attributable to reading)
applied to the ith station for the 1th event, X, is the number

. i
drawn fronm the normal population, X' is the mean of the \-'s

=Bi=



TABLE XVI
tvent Parameters for 11 typothetical Epicenters Plus LONG SHOT

Latitude Long itude
Event iﬂcgrecsl (Degrees)
Fox 1 53.50 N 166.00 W
Fox < 53.00 N 166.00 W
Fox 3 52.40 N 170.00 W
\nd 4 52.00 N 172,00 R
And 5 51.60 N 174.00 W
And ©& 51.50 N 176.00 W
And 7 51.50 N 178.00 W
Rat 8 (Long Shot ) 51.44 N 179.18 E
Rat 9 51.40 N 178.00 E
Rat 10 51.60 N 176.00 E
Near 11 52,20 N 174.00 E
Near 12 52.80 N 172.00 E




for the jth event, N 1is the number of stations (14), and (Si):
is the variance of the numbers drawn for the jth event. The
entire set of random errors is given in Table XVII by station
and by event. %o random errors were applied to LONG SHOT,
because when the anomalies (determined with real arrival tines)

are considered, random errors are already included.

The location errors produced solely by these reading errors
are shown in Figure 26 for the same network subsets as defined
in the previous sections of this reportf(Table V). The average

location errors for each n¢twork are as follows:

Network Average Error, kn
1 4.1
2 St 7
3 5.4

~
ty

These errors generally reflect a lower limit of accuracy
expected for each network in locating events in the Aleutian

Islands when reading errors are on the order of 0.5 sec.

Svnthetic functional anomllies :

T

Using the observed LONG SHOT anomalies as constraints,
piecewise-linear synthetic functional anonmalies were- contrived
for each station and are plotted in Figures 27a and 27b as
functions of longitude. The only restrictions imposed on the
synthetic functions were that they remain within reasonable
anomaly ranges and that they contain no large discontinuities

when viewed as a function of longitude.

If these anomalies, referred to as syn-1, are assumed to be

caused by the synthetic earth, locations' can be obtained using

-

.
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the four networks with no corrections applied. Symbolically,

the atrival time T at station i for each event is made up of
the following: @

Ti - “i * (Ai)syn-l i Ei

where H is the theoretical time from the hypothetical epicenter,

A
svn-1
xs the random error previously discussed (F(E ) = 0.25 sec for

is the contrived anomaly applicable to that event, and E

Lhe set of fourteen 5tat10n§) The location results are shown 1in
Figure 28. The average andjrange of location errors for the four
networks and for the twelve events are summarized in Table XVIII.

7

These errors ‘are absolute because the true locations are
known. The wide range of errors for a particular network clearly
shows the difficulty one can have in attempting to understand

the anomaly effect across a region as large as the Aleutian

. : E )
Islands, especially when real events are mislocated and are at

diffetent depths. Network 3 appears to exhibit the most instability,
although it has a geometry similar to that of Network 2. The
reason\es that the stations in Network 3 ha\e the most erratic

’and largqst functional anomau1es.

The Eontrl\ed anomalles and the anomaly variations for the

stations used are not considered too extreme or unrealistic.

Slmllaf and .even larger variations "have been observed in the

station anomalles computed from the following explosionregions:

the vevada Test Site in southern and central Nevada, the SHOAL

event in wesigrn Nevada, the RULISON event in northwestern Colorado,
the GASBUGGY;qyént in northwestern Xew Mexico, and the GXOME event
in §ou§heasterh New Mexico (Chiburis and Ahner, 1970). The range

o{ anomali;s computed from these explosions at some stations

exceeds 5 sec, with 2-3 sec being common. Significantlyv, the ~
\ .
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4
E TABLE XVIII
Location Results with S)'r{thetic Earth Model
Network ° ‘A\'erag'c Error, km Error Range, kn

1 22.1 12.5 - 89.9
v | 12.% 6.2 - 21.0
5 47.7 26.2 - 95.1

/ " 32.0 9.3 - 71.2

el
by

¢
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distance between SHOAL and GASBUGG\ 1s about 1000 km, hhlcn 13//
of the same order as the dlstancc between the Fox Isldnd> an;/'
Y

Near Islands. 0 * 4

The results as shown in Figure 28 and Table VIl were

obtained with four subsets nf a fourteen station network. If

more stations were available and other more stable network
subsets taken, the location of any particular eveat in the
Aleutians would still be meaningless, except in a general wav

(see the carlier section of this report on LONG SHOT using

subsets of a 329-station network). The point 15\ that if no

information is available ‘on travel-time anomalies from a

region of interest, then depending on the particular network
selected for locating (even assuming the network. is rcasonabl\
stable), the true location errors’' may be anvwihere fron gero to
50 kn or more. It can be further pbinred out ‘that in so-ie
regions the anomalies mag be distributed such that the resultant

errors would be larger. : . c /

Rcfcrridh aadﬁﬁ to Figure 28, tnc results using the four
networks for cach event are quite \arlablc but for anv one

network the shift vectors from event ‘to event are co' ‘derably

‘more consistent; although the errors are large, the: vary slowly

and regularly across the region. For example, using Network 1,
Fox-1 shifts about 21 km north- northhcct fron the true location,
“and LONG SHOT shifts about 1o knm, but al;o to.-the north-northwest.
Therefore, Fox-1 reI\tTie to LO\h SHOT is o ka in error, etc.

Table \I\ gives the absolute and relative (to LONG SHOT) errors
for all e\ents located by Network 1. On the dverage, the relatiae
errors arc rcduLed bv a factor of two over the absolute errors.

For \cthprk 3,,uh1ch happens to have the poorest distributic of
anonalxe> (as evidenced by the high average absolute error), the
same comparison reléti\'e (to LONG SHOT) vields the results given 1in
Table XX.

- —



TABLE XIX

Absolute and Relative (t@ LONG SHOT) Location Errors for
Hiypothetical Events Using Network 1 and Synthetic Eartih-Model

Absolute Location Relative Location

Event Error, km Error, knm
Fox-1 20.8 5.5
Fox-2 21.9 6.2
Fox-3 : 21.1 £.6
And-4 . 18.3 ' 2.6
And-> 14.1 4.0
And-o 13.8 1 2.9
And-7 12.98 18187
LONG SHOT 1557 --
Rat-9 22.6 8.3
Rat-1U 30.7 15.4
~ear-11 33.6 18.6
Near-12 39.9 24.9
_Average 22.1 10.5
&

s

ol



TABLE XX

Absolute and Relative (to LONG SHOT) Location Errors for
‘Hypothetical Events Using Network 3 and Synthetic Earth-Model

Absaolute Location Relative Location
Event Error, ka . Error, km
Fox-1 418.5 2ila
Fox-2 42.1 15.6
Fox-3 15.6 " le.e
And-4 40.2 ﬁ Te 2
And-5 34.3 6.1
And-6 26.2 16.6
And-7 29.1 13.5
LONG SHOT . 36.9 Sl
Rat-9 ' 14.3 8.2
Rat-10 , 62.8 25,8
ear-11 | - 67.4 ' 30.5
Near-12 95.1 38.1

Average 47.7 19.4



fherefore although each network vields very different
locations for an event (due to different distributions of the
station anomalies within that network), the average location
errors of the set of events relative to a calibration event are
reduced by a factor of at least two when a constant network is
used. This result further substantiates the conclusions drawn
in a previous report (Chiburis and Ahner, 1970) in which the
relative location accuracy of 2-3 km for a fairly small region
was shown to be unaffected by travel-time anomalies if and only
1f a constant network was used for locating a set of events.
llowever, for the synthetic data set used here, and for the real
Aleutian Islands data set in general, it is known that the
station anomalies across such a large region are not constant;
thus the relative accuracy for any network is expected to be
lower than that possible for the location of events within a

small region across which the anomalies are constant.

Equally important as the criterion of constant anomalies,
however, is that of '"network effect’”. Any seismic.network is
uniquely defined by the stations in it and their geometrical
relationships to the particular epicentral region of interest.
These relationships are functions of epicentral distance * and
azinuth 8, and of the travel-time table, H(.), neglecting depth
of focus. Specifically, for tihe ith station,

3, (1) [sin 3

‘
are the slopes of the travel-time/distance curve modified by
the sine or cosine of the azimuth depending respectively on
whether the rates of change with longitude or latitude are

.

=5h- -



desired. If the region under investigation is large enough, these
slopes of the travel-time curve change significantly at a station
such that the advantages of constant network and constant anomaligs
are considerably undermined. This fact may be demonstrated with |
the synthetic data by allowing the known LONG SHOT anomalies to
be the onlf tine errors across the entire Aleutian Islands region.
In this case, the arrival time data are constructed as

/
Ty = Hy o+ (A . g

1 1 i =
- / e

where (A)LS\1§ the LONG SHOT anomaly and the other terns being _
defined as before. This means that if the LONG SHOT anonalxes are
applied as correctxons to the arrival time data, all location |
errors obtained with any network, constant or otherwise, would 5
be zero. If, on the other hand, constant networks are used but/
‘'no anomalies are applied, the results are as shown in Figure 29.
Here it can be seen ‘that Networkivl and 2 have only slight net%ork
effects on-relative location acctiracy due to slope perturbations.
Network 3, however, has a strong network effect in that the errors
have similar directions, but the magnitudes differ by a factor of
almost 3 between the Fox and Near Islands. The effect on Network 4
produces errors which change direction by ‘about 60° and magnitude
by a factor of 2/3 between the Fox and Near Island. These shift
differences are due to network geometry, to the network relation-
ship to the Aleutian Islands region, -and te the non-linearity of
‘the travel-time curves, because the network 1tse;f and the station
anomalies are held constant; the only parameters which are variable
are the station distances and a:imuths to the twelve events. If
constant anomalies were the only criterion necessary to maintain
relative accuracy over a broad region, thé location shifts ?§>\
constant network would all have had the same magnitude and
direction. This is true over a small portion of the Aleutian
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regioﬁ, in which the location shifts are nearly identical, but

it is not true in general from one end to the other. For exanple,
using Network 3, And-7 and Rat-9 relative to event 8, which is
LONG SHOT, have errors of 4 ka and 3 knm respectively, whereas
events Fox-1 and Near-12 relative to event 8§ have errors of 20
and 16 km rcspectivel?. The latter errors are far larger than

the 3-5 km errors expected if the region is small enough that

the travel-time/distance slopes do not significantly change.

Therefore if a constant network 1s used, even i the anomalies
are constant throughout a large region but are¢ not applied,
relative accuracy dimninishes as a function of travel-time slcpes
with increasing distance between events due strictly to the
network effect. Of course if&the anonalies are applied as
corrections, there would be no location errors except‘thbse due
to reading precision. However, as was shown 1n Figure 28 and
Table XIX and XX, using data which include the syntheﬁic
functional anomalies, one can achieve at least some€ i:?rovement

in relative accuracy. This is possible because€ the contrived

_anomalies are producing an effect greater than that produced

by network geometry.

when the synthetic functional (syn-1) anonalies are included
in the time data, if 1t is erroneously assumed that the LONG SHOT
anomalies are valid across the entire Aleutians Islands region,
they can be applied as corrections to the arrival tizmes, and
locations can be made with the four aetworks. The arrival tine
data now are ) .

= H. + (A; + E. - (A .

T1 “L (‘1)syn-1 1 (41)LS ‘ -

(the process of computing locations with this relation can also

be grgphically'obtained by simplyt%ubtracting vectorially the



9 (LONG SHOT anomalies) from the shifts

ts shown in Figure
rk. For Fox-1 and for Network 4,

The average location results for each net-
which also includes for comparison

3 A
-

(svn-1 anomalies) for each event and for each
this yector process 1S

-
ol
[¥3

h

ure

\‘Fo\

aetw
snonZ in Figure 30)
given in Table XXI,
tqc,a\-rasg> already given in Table XVIII obtained when no
and except
the reduc-

wory are
For all networks, the average cerrors are reduced,
although the

anonalies were applied
which has a low average to begin with,
These results suggest that,

for Network 2,
tiohs are significant.
!G\G SHOT anomalies are not completely valid across the entire
they are at least partially effective in removing sone
t of the synthetic

r00401,
of the gross bias errors. Stated differently, the effect of the
LONG SHOT anomalies is greater than the effec
anomaly variations; when the LONG SHOT anomalies are applied as
first-order bias effects are eliminated but second-
’

corrections

order bias effects remain. These second-order errors remain even
] )
and Rat-10), where the anomalies would be expected to be approxi-

for those events adjacent to LONG SHOT (And-6, And-7, Rat-9

since the synthetic anomalies were made to change

mately valid,
only slowly as a function of distance away from LONG SHOT.

31 shows the results of applying the LONG SHOT anomalies

synthetic data and locatlng with the four networks.

Figure

to

Table \\II sumnarizes the complete results. The errors in the
ion (small circles on the Figure) are less than 10 kn

the
oean locat

ents 4 through 9; for events 6 thrqugh 11 the clustering
duced to less than 6 km and the standard deviations

for ev

errors are re

are acceptably low. The errors in the mean location Endlcate

absolute accuracy, while clustering errors indicate relative

accuracy. Therefore, as noted earlier i 1
lone or together

iatl a
significant to guarantee improved absolute accuracy.

clustering and low
are necessary but not

standard deviation,



TABLE XXI

Average Location Errors Using LONG SHOT Anomalies-
with Synthetic Earth-Model

Previous Average

Average Error km, Error, km, Using
Network Using LS Anomalies Error Range, knm no Anomalies
1 11.4 3,7 - 23.8 22.1
2 10.6 1.4 - 16.9 135
3 20.0 9.7 - 42.8 47.7
4 21.4 5.2 - 49.1 52: 6
\
G
g



| " TABLE XXIT .
Average Location Shifts of Mean Epicenter, Standard
Deviations (c), and Clustering Effect Using LONG SHOT
Ahomalies with Synthetic Earth-Model

a

LAverage Sﬁift

Error in Mean
/| 'Event Mean Location From Mean g
| — drE s
Fox 1 12.7 25.3 0.85
Fox 2 15.0 13.9 0.87
Fox 3 13.1 18.0 0.81
And 4 6.8 10.7 0.64
And 5 1.0 10.2 0.54
And 6 10.0 5.7 0.39
And 7 9.7 3.5’ 0.17
Long Shot -——- -—--- Doos
'Rat 9 5.0 5.5 0.26
Rat 10 15.0 - 8.5 0.31
Near 11 19.3 3.6 / 0.26
Near 12 b2 ., 10.4 0.59
Avcragé 10.1
\
=l s
-~

X
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Furthermore, the LONG SHOT anomalies appeaxxto be valid

only for the -events immediately adjacent to it (é}gnts 7 and 9

at distances of about 180 km and 80 km respectively from LONG
SHOT). The mean location error of éVeqt'7 is about 10 km; that
of.ev;nt 9 about 5 km. This result is in general agreement with
previous conclusions concerning the size of an area acrgss which
a constant anomaly is good enough for accurate location (Chiburis
'apd Ahner, 1970). g

. ; . . |
Anomaly interpolation using svnthetic data @ ~

The location of LONG SHOT is known. If some locafion is
assumed for event 1 (Fox Islands) and for event 12 (Near Islands),
and if the anomalies are computeg from the three locations with
linear fuﬂctions'drawn between“them c;n improvement: be éained in
accuracy and in standard dev1at10n over that obtalnable if no
anomalies are applied to the 1nterven1ng events? Restated can
one combine the anomalies from a true location and from wrong
locations and\stlll expect to improve location capability? In
the f0110h1ng ‘discussion we will answer these questions in the

/ ) . 0

affirmative.

Using the synthetic earth in which the anomalies are known,
Fox-1 is deliberately mislocated by 0.2° north and Near-12 by
0.1°\south. Computing the anomalies from these two fiducial
locaﬂions and from the known LONG SHOT location, bilinear o
functions are fitted to the three constraints, as are shown .
in Figures 32a and 32b. Compare these functions with the synthetic
functions originally contrived (Figure 27a and 27b).

\

Locating the twelve hypothetical events with the four net-
work‘§ub;ets and the bilinear functions (randos reading errors
are also included), gives the results shown in Figure 33. Because
events 1 and 12 were déliberately given a location bias_gf 0.2°N
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and 0.1°S respectively, in order to discuss accuracies across
the region, the other events need to be adjusted by an amount
proportional to their locations relative to the calibration

events. The adjustment relation is shown in Figure 34. The \
adjusted fiducial epicenters are shown as circles in the Pre-'

vious Figure 33.
)

The location errors relaﬂive to the adjusted epicenters
and standard deviations are given in Table XXIII. Compared to
the no-anomély results with the same synthetic data (Table XVIII),
significant improvement is obtained in relative accuracy by
assunming the locations of '"unknown" events and tying the anomalies
to those of known explosions. The reason that the events And-6
and And-7 do not locate well is due to the nature of synthetic
functions derived; many of the piecewise-linear functions were
made to change sharply between events 5 and 8, which results in
poor estimates of the anonély when assuming strict linearity
between the calibration events. Therefore, across a region the
size of the Aleutian Islands, the technique of anomaly inter-
polation is valid and will yvield improved relative locations.
This conclusion bears directly on the interpolation results
obtained with real data; viz, when several events are assumed
to be located correctly and linear anomalies are fitted between
them, the results are consistent both from clustering and
standard deviation considerations (Figure 24 and Table XIII).

Step-off technique

A brief discussion is now giveniof a method, referred to as
the "step-off"™ technique, that attcmﬁfg to increase the area
over which the known LONG SHOT anomalies remain valid. The obser-
\atxons which suggested the possible applicability of this tech-
n1que were that the distribution of":ero—nean time errors resulting
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1

from the least-squares solution followed fairly closely the
distribution of functional anomalies cantrived for the Aleutian
Islands region. For exanmple, using Network 1 and the synthetic
data, the set of 12 hypothetical epicenters was located using

onlv the LONG SHOT anomalies as corrections across the whole
region; the residuals for stations HN-ME, STU, and TFO resulting
fron the least squares solutions, and the anomalies originally
contrived for these stations are plotted as functions of longi tude
in Figure 35. As can be seen in the Figure, these residuals
estinate quite well the anomalies actually incorporated into the .
arrival time data, especially in the vicinity of LONG SHOT. At
larger distances, the residuals begin to diverge from the contrived
anonalies as expected. Therefore, if one applies the LONG SHOT
anomalies to an adjacént event (say event A) and then attributes
the cause of the residuals resulting from the location of event A
to a real change in the anomaly between the two events, these
errors can be algebraically added to the LONG SHOT anomalies,

and the sua applied as an anomaly correction to the next event
(say event B). In this way, one can "step-off" away from LONG SHOT,
event by event, and hopefully improve the bias normally observed
between the Fox and Near Islands. The i'th station's anomaly to

be applied to the first event in distance away from LONG SHOT- is
just the LONG SHOT anomaly:

(A)
A (A)Ls

These anozmalies vield a location of event A with a set of least-
E{A). The step-off anomaly to be applied to the

G

squares errors
second event away from LONG SHOT is

(8) _ . V)
Ay (R Ry
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"t

vielding a new set of errors EfB). In general,
\

-t

- E(j'—l‘)

(i)
A\ = e v B .

~

Although the application of the step-off anomalies results ~~
in a considerably reduced standard deviation in the solutions,
all of the final locations were found to be nearly identical
(within 1/2'ka) to those obtiined by applying only the LONG SHOT
anomalies.. In other words, applying a set of residuals,
which results from the location, of one event, to the set of
arrival times of an adjacent event has a negligible etfect on
the iocaixon .even though these applied errors are large. Table
XXIV gives the least-squares errors from the final locations
obtained by using the LONG SHOT anomalies; the three standard
dcxxatxon:, So» “Ls» SLseps 3T€ respbctively those obtained
with no anonadv corrections, those with the LONG SHOT anolalles,

and those with the LONG SHOT anomalies plus the least-squares
errors fron the adjacent event. The least squares errors 1in
locating event 7 (Andreanof) with the LONG SHOT (event 8)
anomalies are given in the first column of Table XXI¥. This

set has a standard deviation of 0,201 sec. (The standard
Jdeviation obtained by appl}ing ﬁo anomalies is shown as co.)
Adding these errors to the LONG SHOT‘anonalles and locating
event 6 results in a standard deviation of 0.408 séc instead

cf 9.478 sec as obtained with the LONG SHOT anomalies alone.
when locating event 1 (Fox) using only the LONG SHOT anomalies,
the standard deviation is 1.286 sec; if the least-squares errors
fron event 2 are stepped-off, the standard deviation 1s reduced
to 0.414 sec. For the synthetic data gét, the standard devia-
tion when the LONG SHOT anomalies are applied, o, compared

to the standard deviation without anomalies, Cor is



TABLE XXIV
Set of Least-Squares Errors Applied in Step-Off
Technique and Resultant Standard Deviations. (See Text)

&

AV

LEAST-SQUARES ERRORS (IN SECONDS)

Station AND7 ANDG6
coL S 5283 -.54
NP-NT -.10 202
NOR .47 .90
LAOlO .11 .18
UBO10 -.27 -.28
RK-ON -.13 .54
TF060 .02 S 0 &2
TUC .19 .76
WMO06 N1V -.50
NUR -.02 -.46
HN-ME -.01 -.15
NDI ~-.01 .26
QUE -.25 -.30
STuU .08 -.31
go .941 ‘1.074
oLS 201 .478
GLS+E .201 .408

ANDS
-.84
.64
1.12
.08
-.61
=53
.25
150
o374
.01
-a?7
.08
-.60
-.28

1.284
.672
357"

ANDS4 FOX 3 FOX2
-1.01  -1.58 s Lol
.63 . .75 .64
1.61 2.31 2.46
.89 .81 1.08
= 05 -.38 .24
.25 .74 .55
.17 .14 -.39
.57 .45 .45
-.82 -.78 -.99
TS -.31 -.21
.84 -.70 -.58
.26 .75 1.09
-.69  -1.74 -1.96
-.65 -.46 -.85
1.366  1.470  1.536
.766 1,072  1.168
444 .304

. 357

FOX1

-1.81

528

2.2
.98
-.56
.72
.30
.28
-.93
.23
-.37
1.16
-2.25
-1.34

1.666
1.286
.414



reduced significantly-in the vicinity of the LONG SHOT cxplosion,

~which indicates that the LONG SHOT anomalies are estlmatlng well

the contrived anonq}xeS' the improved locations for these events
{Table XXII) bear fhxs cut. But all of the standard devxatxons
with the step- off errors applied (¢ ~) compared to the ¢ are
LS+E ' 7 LS

also reduced but the location errors are not. This would indicate
only that the Lontrx\cd anomaly changes are being estlmated well
by the step-off process, but since the location errors remain
identical to those obtained with the LONG SHOT anomalies, nothing

is being gained except artificially low standard deviations.

The preceding exercise was nade merely to demonstrate the

futxlxt\ of using a set of conbuted errors (residuals) from a
/

n¢twork solution in an attempt to improve the location of a

subsequent and nearby event. The reason thxs cannot work is that

since the set of errors has a.minimum value in a least-squares

sense, and since the network is uniquely defined by the stations
within it, the set of errors applied to some event alread§

located in the region by that network has a pathenatxcally null
effect as fat as further perturbations are concerned. Stepping-off

slowly in this way .across a broad region keeps this effgct

ncgligiblc,-pndnthg'resugtant locations remain the same as if

no corrections were applied,



A CONCLUSIONS
..

This study deals with travel-tine anomaliesifnetworks,
and location consistencies from two viewpoints J— real data
and h)pothetxcal data for Aleutian Islands e\9nts. The hyvpo-
thethlcal data were used to validate some of the techniques
employved on the real data. Physically, the technique of
functionalizing and regionalizing the anomali;s works well
enough to justify further study and geaeral applicability.

No implication is made as to the ease with which it can be
accomplished, but forjkost anong the criteria for using it

is that the raw data set must be high quality; that is, the
arrival times nust read as unambiguously as possible. This
usually involves a great deal of intrastation checking: and
interstation correlation. The earthquake signals from Aleutian
Islands events are frequeiitly subtly complicated: déuble events
separated by 2-5 seconds, usually very different in magnitude;
low amplitude first motions (which may be called precursors)

not normally observed at noisier ow-magnification stations,

etc.. Since studies of anomalies’ and locjtion techniques should

not/ concern themselves with the abilityf of a seismic analyst
to read seismograms correctly, the major\effort of future studies
must‘be to obtain as clean a data set a possible using all

available techniques.

In using the real data for Aleutian Islands events, the
complications introduced in the location stabilities are
‘undoubtedly due in part fto a deﬁth effect. If the anomalies
are caused by the integration of small imperfections in the
earth modél along a unique travel path (which is then related
to a region/station description), there is good reason .to
expect the anomalies to be dissimilar when computed fron two
) 70
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cvents in the same region but at significantly different depths.
It is not presently known what size of depth differences are

to be considered significant, but the significance would probably
depend on the particular stations used. However, before sensible
studies can be made relevant to this depth effect, all possible
etfforts nust be made to eliminate (1) arrival-time errors;

(21 epicenter errors; (3) depth errors; and (4) network insta-
bilities. To eliminate the first of these rcquifés labor and
patience. To eliminate the seccond may be impossible, except in
the case of explosions or of using well-distributed local
networks (<100 km epicentral distance). To eliminate the third
requires the success of the first two plus the clear observation
of pP. The fourth may be eliminated, or certainly be made manage-

able, by selection of suitable networks.

o Neglecting dé%th effects, the analysis of the real and
hybothctical data using various interpolation and'adjustmcnt
schemes permits an estimate of resultant relative location error
to be placed at 5-10 km throughout the Aleutian Islands for the
seventeen events studied. The absolute location error is probably
about the same, because LONG SHOT provides bias control in the
vicinity of the Rat Islands and because all functional and

regional anomalies were tied to LONG SHOT.

The regional anomalies finally determined for the Aleutian
Islands yvield consistent location patterns and least-squares time

fits using four subsets of a fourteen station network.

That epicenters may be mislocated in the Aleutian Islands
regions was demcuastrated by taking various stable subsets of a
329-station network and the 'LONG SHOT explosion. The .variable
loéations obtained, any of which could have been reported had
LONG SHOT been an earthquake, produce a computed anomaly range at

the telesecismic station NP-NT of more than 11.4 sec. This result
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implicates epicenter mislocation as the chief cause of observed
anomaly scatter. .

Finally we have shown that arrival times 1n published
bulletins are ficqucnfly in error by 1 second and more. The
causes of these errors are probably: (1) r.ssing first motion
in complicated signals (such as double events), and () weak
first motions (as at noisy stations). Any futurc stunies of
anomalies, networks, location accuracies, and earth models
must begin with an analysis of raw seismograms in order to

place any significance on the relation of anomalies or anonaly

variations to physical processcsS.:
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