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ABSTRACT

The selsmic signal sencrated by the underground nuclear
explosion, Long Shot, has been compared with selsmic signals of
earthquake origin and found to be similar on a regional scale.
Negative Long Shot maznitude residuals are assoclated with areas
of recent tectonic activity as are late arrivals, whille positive
Long Shot magnitude residuals and early arrivals have been found to
be assoclated with tectonically stable reglions. These trends are
colncident with those 1ndicated by data from other seismic events.

The more detalled comparison of Long Shot and earthquake
magnitude residuals at Penticton and Fort St. James indicates that
the Long Shot residuals also reflect the location of the source.
At these stations, earthquakes with distances and azimuths comparable
to Long Shot exhibit magnitude residuals that are most similar to
those of Long Shot. The magnitude resicduals of the University of
British Tolumbila exhibit the same denendence on source parameters
although a direct comparison with Long Shot could not be made. An
examination of earthquake travel time residuals at Penticton and
Fort St. James also indicates the same dependence on source locatlon.

Long Shot surface waves 1ndicate an average unified magnitude
of 5.1 at Canadian stations as compared with an average unified
magnitude of 6.0 fror body waves at the same statlons.

The comparisca of the power spectra of Long Shot and earth-
quakes at Leduc and Vi~torla indicates relatively more energy at
high frequencies from Long Shot than from earthquakes. Thls variation
in spectral decrement 1is interpreted as an effect of the different
source mechanisms.

The spectrum of Long Shot 2t Rocky Mt. House appeared to
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be anomalous as it had a .ignificantly larger spectral decrement

than at the cther stations and was indistinguishable from the spectra
of earthquav“es recorded at Rocky Mt. House. The trend of the power
spectra also appear to be partially determined by the crustal anc
upper mantle structure in the vicinity of the station. The effect of
the source parameters unc¢ travei path 1is also indicated by a tendency
for the spectral decrement to increase with increased distance to

source and with increased depth.
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CHAPTER I

INTRODUCTION
1-1 Long Shot

Long Shot was an underground nuclear explosion whose

relevant source parameters are given by Cark (1965) as:

DATE Cectober 29, 1965
TIME 21:00:00,08 Universal Time
LOCATION Architka Island, "leutians

Latitude 51°26'17"
Longitude 179°10'57"

DEPTH 2307 feet below surrace
ELEVATION -2164 feet
FORM OF SHOT 80 kiloton TNT -

eguivalen® nuclear device

The purpose of Long Siot was to provide data to further
the abllity to detect and locate nuclear exploeions and to d’s-
{inguish them from earthquakes at long range.

The reasons for the importance of this experiment nave
been summarized by Frosch (1965). Prior to this event, most
controlled underground tests had been conducted in the continental
United States. Since this is near some of the best inatrumented
regiong in the world, most of the stations were too close to the
events to take advantage of the third zone whers the character of
the source cau ‘e Seen relatively undisturved by the transmission
path. Tne choice ol Amchitka as the test site placed most of North
America in this 25-20° range.

This ere& is seismically and tectonically comparabl’ to
Kamchatka ana the Kuril Island regions where between 60 and 75
per cent of the earthquakes in the Scviet Union occur, These would

constitute the majority of the seismic events, occurring in Communist

R
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countries, which would have to be examined “or the presence of

explosions with the present distribution of nuclear technology.

The island arc structure exemplified by the Aleutians is
~ne of strong anomaly in the structure of the earth's crust and
upper mantle., It is therefore of great interest to determine the
travei tlme blas, if any, introduced by this structure so that
regional corrections might be made to standard travel time curves
which will facilitate the accurate location of events in this region.
Tre effect of anomalous crustal and uppzr mantle structure on the
character of the signal 1is also of interest.

The usefulness of Lorng Shot 1s further enhanced by the
large number of earthquakes of comparable magnitude that occur in
this region, This allows a direcc comparison or a nuclear exploslcen
and earthquakes from the same region.

What was perhaps the final factor in establishing the
velue of th.i. experiment was the high quality of both the special

recording instrumentation uced and the records obtained.

1-2 Summary of Available Long Shot Data

A pllot analysis of the Long Shot arrivals recorded by
the 24 stations of the Canadian seismic network and a more com-
prehensive znalysis of datc from the 5 special stations operated
by the Arctic Institute of North America 1s reported by Jensen et
at (1966).

These records were examined to determine if the first
mction . the ¥ wave was compressional, if the surface wave

magnitudes were small compared to P wave ma, .iitudes, and if the

shear wave amplitudes were small - characteristics which have been
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suggested as criteria for distinguishing underground explosions

from earthquakes. The 3ignal to noise ratio was not always high
enough to unambiguously determine the direction of first moticn.
Where the first motion could be determined, only Flin Flon
appeared to be dilational. The lov amplitude surface waves
observed at 5 stations ylelded a unified magnitude of 5.3

compared to the P Wave magnitude cf 6.0. The lack of shear phases
was consistent with the symmetric model of an explosive source,

The calculated body wave (unified) magnitude tended to
Increase with distance from the source. ' e magnitudes in British
Columbia were lower than those at nort. ern Caradian stations at
the same distancz.

The observed P wave, Jeffreys-Bullen travel time residuals
were consistently negative with the largest residuals at the most
distant stations. Further, the time residuals in British Columbila
were smalil with respect to northern Canadian stations at the same
epicentral distance.

Finally, power spectra were calculated from the high
resolutiuvn, special station records at Leduc, Rocky Mountain House,
Wawa and Victorla. These spectra exhibiced common peas at 1.2
to 1.4 and 2.2 to 2.4 cps separated by a trough at 1.9 cps. A
comparison of the spectral amplitude decrement of the vertical
component of the P wave arrival showed that the attenuation of the
higher frequencies was significantly greater at Victoria than at che
other stations,

Clark (1965) has published an analysis of the Long Shot
data recorded bv the LRSM (Long Range Seismic Measurement) stations

and the VELA observatories as well as a preliminar; summary of
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the data reported by other permsnent and temporary seismographic
stations, lle tabulated unified magnitudes, the maximum amplitudes

of Pn, P, PcP and surface wave phc s as well as Pn, P and PcP

trravel times for these stations. This data supports that of Jansen
et al (1966) in indicating that the amplitude and time residucls

in British Columbia and surrounding areas were anomalous with respect
to the rest of North America.

Liebermann et al (1966) report their study of the r:lative
excitation of body and surface waves by Long Shot and 29 earthquakes
which -~curred in the same geographic and tectonic region. Their
analysie of the Long Shot records from 56 stations indicates that
the surface wave generation by Long Shot was slignificantly less than
that of earthquakes of comparablz2 unified magnitude. This result
is in agreement with previous studies of underground nuclear
explosions. However, they list sur.ace wave magnitudes at 16
Caradian stations as opposed to 5 stations reported by Jensen

et al (1966).

1-3 Thesis Investigation

The Long Shot magnitude and time residuals are assessed
in terms of the tectonic framework and local geology of the stations.
Particular emphasis i1s placed on a comparison with earthquake residuals
and on the Long Shot residuals observed in central British Columbia
and the southern Yukon which appear to be anomalous with respect
to the rest of North America, The spectra of the Long Shot arrivals
in this anomalous area are determined and compared with Long Shot
spectra from stations outside of the region. The spectra of earth-

quakes reccrded at Leduc, Rocky Mountain House and Victoria are
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compared with Long Shot spectra.

The long period records of the Canadian network stations
are re-examined in an attempt to reduce the discrepancy between
the number of surface wave observations reported by Liebermann
et al (1966) and Jensen et al (1960). A summary of this work has

been published by Currie et al (1947).



CHAPTER II

MAGNITUDES AND MAGNITYDE RESIDUALS

2-1 Introduction

The recorded amplitudes of seismic events are dependent
on several factors
éi source magnitude
({1) source mechanism
(111) epicentral distance
(iv) transmission properties of the
material through which the signal
propagsates
(v) the seismometer characteristics
These factors must be accounted for if an accurate intercomparlson
of station responses is to be made.
The use of unified magnitudes (Gutenberg and Riehter,
1956) provides a method of equalizing tre effects of many of these
variables., Unifed magnitude 1s derined as
m = Q + log kA/T

where: Q = parameter depending on focal depth and
epicentral distance

A = maximum vertical ground amplitude (zero
to peak) of the body wave in micror.s

T = corresponding period in seconds

k = ground factor appropriate to the
gstaticn

Q describes the P wave amplitude as a function of distance and
source depth for a representative earth model. The ratio, A/T,
18 used since it 1s pruportional to velocity and hence simplifies
the formulation of direct magnitude-energy relationships. Also,
it 1s found empirically that the use of this ratio, rather than
amplitude, tends to minimize the systematic errors in the deter-

mination of a magnitude.




It the U.S.C.G.S. magnitude determination 1s considered
in some sense to be the actual magritude of the event, the
difference between 1t and the calculated magnitude ylelds the
magnitude residual, - log ki’ The interpretation of these
residuals ia limited by the assumption of a valid amplitude -
distance relationship and the U.,S.C.G.S. definition of magnitude.

The U.S.C.G.S. magnitude of the events considered was
defined as the logarithm to th= base 10 of the average of the
(A/T) x 102 values. Individual values which deviate from the
average by the equivalent of 0.7 units of magnitude at any po.nt
in the computation or which are associated with P wave readings
having residuals greater than 10 sec are not used.

This procedure has been discussed by Friedmann (1967).
Using statistical arguments, she concludes that it leads to estimates
which consistently underestimate the magnitude of large earthquakes
ard may overestimate the magnitude of small events. The best estimate
of the mean 1s the average «f the logs rather than the log of the
average which will tend to be larger than the best estimat . She
also observes that the truncation procedure will tend to blas the
calculation of magnitude as the fraction of contamination will
tend to increase as the magnitude decreases making the U,S.C.G.S.
estimate of large events too large.

Another limitation on the usefulness of the U,2.C.G.S.
magnitude as a standard is the uncertainty in any statistical
estimate of a population mean. The U.S.C.G.S. magnitude may be
decermined by the average of aa many as 30 astations or from the

reading made at a single station. Despite these limitations,




magnitude residuals defined in terms of the U.S.C.G.S. magnitude
are a useful and accepted basils for the intercomparison of stations
and seismic events.

A magnitude residual incorporates the effects of differences
due to source radlatlion patterns and deviatlions from an average
transmission path., To separate these effects at a particular
station, the mean of a large number of earthquake magnitude
residuals is used to define the station correction

N 1log k

log k = T 1

N
i=1

This procedure i1s based on the assumption that the effects of the

asymmetric source and near source crustal and upper mantle structure

will be minimized by conslidering means. The reallzation of this

assumption depends on a randoem orlentation of fault planes and

data that is well distributed in azimuth and distance. Neilther

of these conditions is likely to be met due to the limited number

and concentration of seismically active reglons in the world.

However, 1f these assumptions are approximated, the station

correction should indicate the effects of near station structure.
The interpretation of magnitude residuals from Long Shot

is less complex because the source may be assumed to be symmetric.

As such, these magnitude residuals will reflect deviations from

an average transmission path. It 1s probable that part of this

deviation is du2 to errors in the assumed amplitude-distance

relationship. Chinnery and Toksoz (1967) have shown that their

velocel -depth model of the mantle predicts deviations from

standard smplitude-distance relatlionships for events in the Aleutian 7

arc region hut these changes are insufficient to explaln the scatter =



and the distribution of the Long Shot magnitude residuals.

This view is supported by Jordan et al (1965) who suggest
that regional changes in the geophysical) nature of the crust and
upper mantle in the vicinity of the station can play an important
part in modifying amplitudes relative to the slandard amplitude-
distance relationships. They contoured Pn and P wave maximum
amplitude patterns over the United States from a number of seinmic
events both within and outside of North America and found persistent,
anomalously low seismic ampiitudes which were assoclated with regions
of recent tectonic activity and high amplitudes associated with
deep sedimentary basins and tectonically stable areas, Pasechnick
(1962) repcrts the P wave amplitude variations in the U,S,S.R,
from nuclear explosions at teleseismic distances. The regions of
high and low amplitude that he notes are consistent with the
amplitude-tectonic relationéhip exhibited by data in the Unlted
States,

Deviations from a sta:ndard transmissicn path may also be
due to the crust and upper mantle in the vicinity of the source.
Ichikawa and Basham (1965) find emrpirically that magnitude residuals
depend on the source location as well as the nature of the crust
and upper mantle near the receiver, This may be an indication of
such a source effect.

In summary, the observed IL.ong Shot residuals should
incorporate deviatlons from the standard amplitude-distance
relationships as well as possible effect of anomalous crust or
upper mantle in the vicinity of the source or receiver, Station
corrections determined from earthquakes should be most strongly

influenced by the crust and upper mantle in the vicinity of the
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recciver,

In an attempt to investigate the relative contributions
of these factors and the validity of thc assumptions involved,
magnitude residuals are examined from several viewpoints,

The Long Shot data are compared with other magnitude data
to determine its consistency with previously obscerved trends
of high and low magnitude recsiduals.

Earthquake magnitude residuv.als arc calculated for Fort
St. James (FSJ), Penticuon (PNT) and the university of British
Columtia (designated UBC) stations for a more detailed comparison
with the Long Shot residuals in *hese regions which appear anomalous,
Particular emphasis is placed on the contribution of local effects
to the observed magnitude residuals at these stations as well as
the dependence, if any, of the residuals on the source parametecrs.

The final aspect of magnitude determination considered ir
the usc of surface rather than body wave magnitudes. It has been
found that the surface wave magnitude of an explosicn tends to be
significantly smaller than tnat of shailcow earthquakes of the same
body wave magnitude. As this difference has obvious poscibilities
as a discrimination technique, the relationship between the Long
Shot bedy and surfa. .ave magnitude (at Canadian stations) is

also considered.,

2-2 Long Shot Magnitude Residuals

The extent to which the Long Shot P wave arrivals were
anomalous can be seen in Flg. 1 where the magnitude residuals are
plotted as a function of epicentral distance., Negative magnitude

residuals indicate particle velocities less than expected and
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posltive residnals, particle velccities greater than expected on

the basls of standard amplitude-distance relatlionships., The average
magnitude residual of the stations within 45° of the sour.e is
negative whereas the average magnitude residual beyond 45° is
positive. Anomalously negative residuals are found in the 25-35°
range. The geographical distribution of these magnitude residuals
defines the area of particular interest -~ a region in central
British Columbia and the southern Yukon Fig. 2).

The Chinnery and Tokstz (1967) model of the mantle based
on data from the came azlimuth predicts a relative minimum in am-
plitude 1n the 30-35° range and as such 1is compatible witlr this
Long Shot data. However, to account for the observed magnitude
r2siduals 1n the anomalous region, the Q values ¢f Gutenberg and
Richter (1956), wnich incorporate a low in this range, would have
to be in error by 1 unit which corresponds to a predicted A/T
ratio 10 times too large. For this reason it 1s unlikely that
errors iIn the standard amplitude-distance relatlonship used to
define unified magnitude will, alone, account for the observed
Long Shot residuals and local conditions will contribute,.

The importance of local and reglonal factors can be best
determined by comparing the Long Shot residuals with other magnil-
tude data. Fig. 3 shows the geographical distribution of the
Long Shot residuals and the major tectonic di—risions of North
America (after Eardley,1952).

Stations in the recent, western orogenic belts Lave an
average magnitude residual of -0.41 which indicates anomalously

low amplitude. Near average response is iIndicated at stations

PP TRNPNP = e



Canadian Shield : . Mesozolc, Cenozoic
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r————~] Paleozoic Orogenic Belts

FIG. 3. Long Shot magnitude residuals and the major tectonic
divisions of North America,Magnitude residuals from
Clark (1966) and Jensen et al (1966).
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in the central stable region with an average magnitude residual
of +0.12. Higt amplitudes are associated with the older (Paleozoin)
orogenic belts of the eastern and southern United States, average
residual +0.20, the éhield, average residual +0,23; and the coastal
plains, average residual +0.30,

Although the average magnitude residual in the Palec¢zolc
orogenic belts would have been expected to be less than that of
the central stable region c¢u the basis of the ampllitude zoning
suggested by Jordan et al (1965), the Long Shot residuals exhibit
the same trends as other magnitude data and as such they must be
partlally attributed to reglonal factors.

Earthguake magnitude residuals calculated by Ichikawa
and Basham (1965) at 10 Canadian stations offer an opportunity for
direct comparison with the Long Shot magnitude residuals. At all
of these stations, the mean earthquake residuals are at least as
large as the Long Shot magnitude residuals {Table 1). If the
station correction (-mean residual) does, in fact, incorporate
the effects of the crust and upper mantle in the vicinity of the
gstation, the observed Long Shot realduals must have been partially
determined by other factors. 7Tnis difference has the same sign at
every station which suggests that the additional loss of amplitude
indicated by the Long Shot residuals is probably a source effe-t
as errors in standar? amplitude-distance relationships would be
expe.ted to both ove.2stimate and underestimate amplitude depending
upon distance from source. However, the differerce between the
Long Shot residuals and the station corrections varies from stetion

to station which indicates that lateral changes in the c¢rust and




Table 1
Long Shot and Earthquake Magnitude mmﬁua:muma

STATION Long earthquake Kurils Aleutirns South Mid Atlantlc

Shot mean Kamchatka  Alaska America Ridge

Edmonton 0.0 +0.4 + .5 +0.4 +0.5 +0.6
Halifax +0.2 +0.3 + .2 +0.3 +0.4 +0.2
London +0.5 +0.5 + .3 +0.5 +0.5 +0.5
Montreal 0.0 +0.2 0.0 +0.2 +0.4 +0.1
Mould Bay +0.1 +0.1 -0.2 +0.2 +0.3 0.0
Ottawa +0.1 +0.3 0.0 +0.4 +0.2 +0.3
Penticton 0.0 +0.2 +0.1 +0.1 +0.4 +0.2
Port Hardy -0.6 0.0 +0.1 -0.1 0.0 +0.4
- Shawinigan Falis +0.3 +0.3 -0.1 +3.3 +0.3 +0.5
Victoria -0.6 +0.2 +0.1 +0.0 +0.3 +0.7

mean diiference
between Long
Shot & earthquakes +0.21 +0.190 +0.27 +0.33 +0.35

* Long Shot residuals are after Jensen et al (1966) and the earthquake residuals after
Ichikawa and Basham (1965).
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upper mantle in the vicinity of the source and receiver may also
have affected the signal. This comparison alsc indicates a large
regional variation (Table 1). The mean difference between the
Long Shot and earthquake residuals is +0.21 but if the sample is
restricted to earthquakes in the nearby Kurils-Kamchatka region,
a mean difference of only +0..10 is obtained. The mean difference
in magnitude residuals for other reglonal samples ranges from
+0.27 to +0.35. This indicates that the observed Long Shot mag-
nitude residuals have been influenced by the geographical location
of the source.

n2>t only may the Long Shot and earthquake residuals be
compared on a regional and station to statlion basis but also in
terms of the scatter ¢ ” magnitudes. A priorl, tiie symmetric nature
of the exploslve souice suggests that the variation in magnitudes
calculated from it should be small relative to earthquake deter-
minations. Carpenter (1965) has suggested that the difference
between the scatter of magnitudes from the two sources, if 1t
exlsts, may be a useful dlagnostic techuique.

Comparisons of this kind are most convenlently made by

histograms of the magnitude residuals. Fig. 4 shows histograms

Aieutlian Arc region (Table 2), the Long Shot data and typical
explosions (Carpenter, 1965). All the data is from North

America stations. The earthquake histogram is the average of

the events listed in Table 2 from U.S.C.G.S. Earthquake Data

Ruports. The truncation procedure of the U.S.C.G.S. already discussed

was not used in the determination of this histogram. These histograms
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PERCENTAGE OF STATIONS
wong Shot

magnitude scatter for typical
explosions (Carpenter, 1965)

magnitude scatter for earchquakes
listed in Table 2

FIG. L. Histcgrams of magnitude scatter for earthquakes; Long Shot

and explosions.
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Table ¢
Earthquakes* used in Histogram

DATE LAT LONG DEPTH MAG
July 29, 1965 51.07N 171.30W Normal 5.5
Sept. 2, 1965 51.90N 175.47E 31 5.6
Sept.. 4, 1965 L§,61N 153.47E 27 5.5
Sept. 4, 1965 58.21N 152.62W 19 6.1
Sept. 8, 1965 57.53N 152.14wW 25 5.6
Oct. 1, 1965 50.111. 178.25E 32 6.3
Nov. 18, 1965 53.86N 160.67E 12 6.0
Dec. 5, 1965 52.59N 173.19E 33 5.5
Dec. 13, 1965 Ly, 70N 150.12W 35 5.7
Jan., 22, 1966 55.97N 135.69W 33 5.8
Feb. 6, 1966 60.37N 152.35W 91 5.3
April 11, 1966 56.65N 151.97W Normal 5.4
May 11, 1966 48,86N 156 ,21E 39 5.8
May 11, 1966 48.77N 156.31E 28 5.7
May 15, 1966 51.48N 178. 44w 31 5.8
July 4, 1966 51.TUN 178.89E 71 6.2
July 4, 1966 51.81N 176.42E 28 5.7

¥U.S.C.G.S. determinations
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indicete that the Long Shot data is skewed relative to the other
explosions and the earthquskes but the maximum deviations are almnst
the same,

The scatter of magnitude determirnations may te compared
quantitatively by considering stzindard deviations. Clark (19€5)
gives a unified magnitude of 5.94 ¥ 0,46 from the LRSM stations
at teleseismic distances, This atandard devistion 13 about C.l
units larger than that commonly obzerved from Nevada Test Site
events. The standard deviaticns 1n magnitude of the earthquakes
considered (Table 2) range from £ 0.26 to ¥ 0.80 with an average
value of ¥ 0.43,

In terms of earthquakes in a comparable region, this very

imited sample glves no indicatvion that the Long Shot residuals
observed in North America reflect th~ faczt that it was a nuclear
explosion, It has also been found that the Long Shot residuals
are generally consistent with amplitude distributions from other
sourcee, Finally, there i1s 2 strong indlcation that the geographical
location of Long Shot affected the observed residuais. For these
reasons, the anomalous region in central British Columbia and the
southern Yukon indicated by Long Shot 13 inveatigated in terms of

the earthquake magnitude residuals observed there,

2-3 Earthquake Magnitude Reslduals

Pentictca, Fort St. James and the Universlty of British
Columbia seismic stations were chofen for further study becaucz the
Long Shot data (Fig. 2) indicated that they were representative of
substantially different regions. Long Shot magnitude residuals

of 0.0 and -0.8 were observed at Penticton and Fort St. James so
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they we:re considered as normal and anomalous stations rescecilvely,
Magnitude residuals at the Unilverszity of British Columbia are of
interest because two stations in comparable tectonic eanvironments,
Victoria and Port Hardy, both exhikited anomaloug Long Shot mag-
nitude residuals of -0.6.

Statlion parameters are given in Table 3.

Table 3 Station Parameters
T Aprrcx.,
Station Latitude Longitude Flevation
Penticton (PNT)® 49T19'N  119°37'W 550 m
Fort St, James (FSJ)® 54°26'N  124°15'W 760 m
University of British Columbia 49°19'N 123°15'W 100 m
R

Canadian Dominicn Observatory seismic network

The Penticton station 1s located in the White Lake basin
on etrly Tertlary sediments of the White Lake formation which are
dominated by the volcanlic member. Thils formation is composed of
pyroclastic rocks, volcanic breccla, volcanlc sandstone, conglomerate
and some coal. These sSediments are underlailr by a series of
Tertiary basalts (Marron formztion, Church (1967)) which in turn
lie on chertz guartzites that are probably Paleozic 1n age. White
and Savage (1965) give a crustal thickness of about 30 km in
southern British Columbia with & P wave velocity of 5.9 km/sec and
a Pn velocity of 7.8 km/sec.

The Fort St. James statior is situated in the Fort St,
James basin, a Pleistocene glacial-lake basin which is largely

covered by glaclal deposits. The calibration data for this station
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(Mines and Technical Surveys) states that the vault is located
on Paleozoic -ediments. Geologzic maps of the region (Armstrong,
1349) show Permian outcrops near the coordinates of the site,out-
crops which are part of the Stuart Lake belt of the Cache Creek
group. This group consists of a conformable s'.ccession of about
20,000 feet ol interbedded limestone, ribbon chert, arglliite,
slate qurartzl.e, tuft and breccia. These strata have been par-
tially eroded and complexly folded. The Stuart Lake belt is
underlain unconformably by the Wolverine complex of granitic
gnelsses and granites. The nearest crustal data 1s from Prince
George, about 125 km southeast of the statlion. There, the crust
is thought to be about 35 km thick with a veloci“y cf 6.1 km/sec
and a Fin velocit: ¢~ 8.0 or 8.6 km/sec (W.G. Mllne, personal
communication).

The University of British Columbia is within what 1is
known as the Georgla Depression (Armstrong and Brown, 1954). A
hypothetical cross section (Johnston, 1923) shows unconsolidated
Pleistocene sediments underlain by Tertiarv strata. The Tertiary
strata (Kitsilano and Burrard formations) are composed of sand-
stone, clays, conglomerate and shales. These 1lie unconformably
on the Mesozolc granitic tatholith structure that characterizes
the Coast Range 1in this area. The crustal section under this
station given by White and Savage (1965) is composed of 6 km at
5.9 km/sec, 45 km at 6.8 km/sec and a Pn velocity of 7.7 km/sec.

Penticton and Fort St. James shnrt period vertical
records for 1965 were examined. The short period records for

November 1965 to September 1966 were examined from the University

of British Columbla station.
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Magnitude residuals were calculated if the arrival met a
number of criterla., Only events whose pea¥k to peak record ampli-
tude was greater than one millimeter were usea. The arrival had
to be sufficiently impulsive that the maximum P wave amplitud~
could be chosen from the first five cycles. Only arrivals within
5 seconds of the Jeffreys-Bullen travel time were used to reduce
the probability of assigning the arrivals to¢ the wrong source,

536 events satisfied thesze criteria at Penticton, 211
at Fort St. James and 81 events at the University of British
Columbia. These numbers may be interpreted as a rough measure of
the ambient nolse levels at the stations although this 1s not a
strictly valid comparison as FSJ and UBC were occasiorally inoperative.

Unified magnitudes were calculated according to the formula
of Gutenberg and Richter (1956) using linearly interpolated Q values
from the 'Dawn' Tables (1964). Magnitude residuals were determined
by comparing the calculated unified magnitude with the U,S.C.G.S.
value,

The mean magnitude residuals obtalned as well as the mean
source parameters are shown in Table 4. The mean depth, magnitude,
distance and azimuth of the events considered at the two stations
indicate that a direct comparison of the mean residuals 1s probably
valld despite the difference in sample slize. The histograms
(Figs. 5 and 6) and fitted rormal curves show that the residuals
tend to be normally distribuved.

The statlion corrections are -0.17 b 0.03 at PNT and
+ C.14 £ 0,05 at FSJ for 95 per cent confidence limits. The PNT

value agrees, within the confldence limits, with the value of
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- 0.21 ¥ 0.03 determined by Ichikawa and Basham (1965) using

different earthquakes,

TABLE 4 PNT and FSJ Magnitude Residuals
PNT (536 events) FSJ (211 events,
mean st. dev. mean st. dev.
depth (km) 112.42 164.69 95.99 149,30
magnitude 5.25 0.51 5.45 0.48
distance® 58.95 2L ,98 55.38 26.31
azlmuth® 241.83 75.05 239.59 387.96
mean
TABLE 5 UBC Magnitude Residuals
UBs (81 events)
mean st. dev.

depth (km) 35.49 135.99

magnitude 5.78 0.41
distance® 55.66 30.89
azimuth® 255.28 77.99
mean

residual 0.36 0.37

The mean source parameters (Table 5) of the events used
to calcutate the statlion correctlion at UBC are substantially the
same as those for PNT and FSJ but the histogram of the magnitude
residuals (Fig.7 ) shows large departures from a norual distribu-
tion. The large poaitive residuals ( & m, > 1.2 ) are all
associated with events within 13° of the station. The station

correction at UBC is - 0.36 £ 0.08 for 95 per cent confidence
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limits and assuming a normal distribution.

The mean magnitude residuals correspond to A/T ratios
1.5, 0.7 and 2.3 times the predicted value at Penticton, Fort St.
James and the University of British Columbia respectively. As
the period of the P wave arrival used to calculate magnltudes did
not vary significantly from station co statlon, the differences
can be thought of as differences in signal amplitude.

Part of this difference can he explained by considering
the effect o' the crust and surficlal geology on the signal,
Gutenberg (1957) noted that the seismograph records may large’ .
indicate the vibrational characteristics of the surface material
rather than the earthquake. He observed amplitudes 10 times as
high on saturated, unconsolidated material as on crystalline
material from the same event,

Formally the problem is to determine the motion of the
surface fr~m a seismic wave striking the base of the crust but
it 1s usually simplified by considering the response of a hori-
zontally stratified system to a sinusoidal plane wave striking
tl'e base at oblique angles of incidence. Despite this simplifi-:a-
tion, the technique ylelds valucble information about the response
of an idealized crustal section.

The matrix formulation of the problem by Haskell (1953)
and its application to P waves by Hannon (1964) makes it feasible
to generate the transmission coefficlents of a large number o1 crustal
models, The transmissior coefficlents are the ratios of the surface
particle velocities, h.rizontal and vertical, to the total particle

velocity in the bottom layer due to the dilational wave in it,

e o o p o e - SRS



28

These coefficients indicate that (Hannon, 1964)
(1) the effect of the crust varies with

(a) crustal structure

(b) angle of incidence

(¢) frequency

(11) 1low velocity sedimentary surface layers

can cause large amplitudes to be observed

at the free surface
The sensitivity to iow velucity sedimentary surface layers 1is
particularly relevant to the UBC station which is situated on
uiiconsolidated glacial sediments.

Vertical transmission coefficients have been calculated
for crustal models at PNT, FSJ and UBC based on the geology of
the stations discusscd earlier (Table 6). Coefficients were
calculated over the range 0.2 - 2.0 cps which is the range of
periods of the maximum amplitude P wave arrivzls used in <he
magnitude calculations. The average epicentral distance of about

60° correspeonds to an angle of incidence of approximately 24°. The

coefficients are shown as a function of frequency in Figs. 8, 9

and 10, z
Table 6 Crustal Models at PNT{_FSJ_ﬁﬁd_HBF
Station Thickness © veloclty S veloclty Densit
km km/sec km/sec GM/cm*
PNT 0.50 L.00 2.31 2.30
1.00 bh,70 2.71 2.50
30.00 5.90 2.40 2.68
7.80 4.50 3.04
FSJ 3.00 5 00 2.89 2.54
32.30 5.10 3.52 2.72
8.00 b, 62 3.10
UBC 0.10 2.00 1.16 2.00
1.40 3.90 2.25 2.35
5.50 5.90 3.40 2.68
ks 00 6.20 3.92 2.53
7.70 4,44 3.00
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These models appear to explain part of the amplitude
differences betveen the stations. The relative amplitudes are in
the right order, the mean amplituder in the perlod ranges of interest
are 3.64 at UBC, 3.06 at PNT and 2.47 at FSJ. It 1s important to
consider relative amplitudes as most crustal sections produce
amplification of the vertical component at most frequencies.
towever, the mean magnitude residuuls indicate a greater difference
in amplitudes thsn 1s exhiblited by the transmission coefficlents.

In particular, the response at UBC should be 3 times that of FSJ
whereas the transmission coefficients indicate a factor of 1.5.
Part of this difference may be ascribed to limited knowledge of

the actual crustal sectlions at these stations and part to the
simplification of the actual crustal structures to a layered model.

The three stations also show a systematic varliation with
azimuth (Fig. 11). Despite the scatter of the points, all stations
show an amplificaticn in the first and third quadrants relative
to signal amplitudes in the fourth quadrant. The strongest feature 1s
the relative attenuation in the fourth gquadrant which is the azimuth
of the arrivals from the Aleutian ..rc. As this effect appears at
all three stations, 1t may be a near 8source rather than a station
effect. However, Rocard (1965) has interpreted azimuthal varia-
tions in terms of focusing seismic energy within the esarth's crust,
that 1s, a near station pLenomena. He bellieves that a bending or
tilting of the Mohoroviclic discontinuity would produce the strongest
effect. This suggestion may be appllicable to these stations as
the topography of the Mohorovicic discontinuity, in southern British
Columbla at least, 1s known to be complex, Azliwuthal variations

may also be caused by lateral inhomogeneities in the vicinity of
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the stations which will cause scattering.

The magnitude residuals at these stations also vari-4
with epicentral distance. Fig. 12 shows the mean magnitude residuals
in 5° intervals versus distance, The PNT and FSJ values should b
more significant as they have larger samplics 1n each interval than
UBC. 1If the mean magnitude residual is considered as a constant
blas introduced by local effects, all three stations exhibit a
similar trend with distance, Near events ( &4 < 15°) are received
with higher than averagze velocities as® are events in the 45-65°
range. Relative lows are irdicated in the 20° and 70° regions.
The cousistency of these trends, depite the fact that different
events are used at each station, suggests that these fluctuations
represent inadequacies in the standard amplitude-distance rzlation-
shiyp.

The effect of the local crust and upper mantle on the
observed residuals as well as the variation of the residuals with
distance and azimuth must be considered in comparing the Long
Shot data with the earthquake residuals at these statlions and in
assessing the anomalous region indicated by Long Shot.

The mean magnitude residual of 0.36 £ 0.08 at UBC is
markedly different than the Long Shot magnitude residuals of -~0.6
observed at Victorla and Port Hardy which are in a comparable
tectonic environment. However, the presence of a low velocity
surfece layer at UBC a: compared with the gneiss at Victoria and
massive volcanic rock at Port Hardy produces an amplification of
the signal at UBC relative to that recorded at Victoria or Port

Hardy. This local effect corresponds to a correction factor of
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FIG. 12 (c). Epicentral variation in average magnitude
residuals at UBC.




-0.3 which must be applled to the UBC station when comparing it
to the Victoria and Port Hardy staticns. Even with thils adjust-
ment, the corrected mean magnitude residual of +0.06 at UBC is
still inconsistent with the Long Shot residual of --0.6 at Victoria.
The earthquake magnitude residvals at UBC do, however, show a
tendency to be less than the mean for events at the azimuth and
distance of Long Shot. (Figs. 11 and 12).

The difference between the mean magnitude residuals and
Long Shot residuals, -0.17 at PNT and -0.66 at FSJ. represents the
less of amplitude of the Long Shot arrival in excess of that normally
observed at these stations. At least part of thls 1s related to
the geographlical location of Long Shot as the magnitude residuals
at both PNT and FSJ exhibit relative lows in the distance and
azimuthal range of Long Shot (Figs. 11 and 12). The effect of

source location 1s shown in Table 7.

Table 7 Earthquake Magnitude Resliduals at PNT and FSJ

versus

Long Shot Magnltude Residuals at thes same stations

PNT FSJ PNT-FSJ
Long Shot 0.0 -0.8 0.8
USCGS magnitude 5.9

to 6.1 -0.04 -0.21 0.17
depth 0-20 km 0.14 -0.05 0.19
azimuth 292°-302° 0.08
28L4° 2940 -0.28 0.36
distance 34-42° 0.15
30~-37° -0.18 0.33

all values 0.17 ~0.14 0.31
earthquakes at azimuth 0.14 -0.23 0.37

and distarice of Long Shot
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In the cases considered, the mean magnitude residual at
PNT 1s larger than at FSJ. This effect i1s larges! for sources in
the same epicentral and azimuthal range as Long Shot where a mean
difference of +0.37 1s observed as compared with a difference of
+0.8 for Long Shot, Althcugh this is not as large as the difference
in Long Shot residuals at these stations, the effect of comparing
a single set of readings and mean residuals from different sources
must be considered.

If the sample is restricted to common sources with azimuths
and distances comparable to Long Shot, a difference in residuals
of 0,18 £ 0.13 1s obtained between PNT and FSJ. Using two times
the standard deviation as a measura of the scatter of the data,
the range of differencss in magnitude residuals is 0,18 % 0.64;
As 95 per cent of the data should fall within this range and since
t'.e Long Shot data does, 1t cannot be considered unexpected from
a source in the Aleutlian Arc region.

The mean magnitude residual of -0.14 t 0.05 obtained at .
FSJ supports the Long Shot data in indicating that it is located
in a region of iow signal amplitude. Nelither the mean magnitude
residual of +0,36 ¥ 0,08 obtained at UBC nor the values of 0,21 ¥
0.04 and 0.04 ¥ 0.05 given by Ichikawa and Basham (1965) for Victoria
and Port Hardy respectively indicate that the coastal region is
also part of a low amplitude region despite the relatively low
Long Shot residual of --0.6 at both Victoria and Port Hardy. The
mean magnitude residual of +0.17 t 0.03 at PNT is consistent with
the Long Shot data and indicates that it is not rart of the low

amplitude region despite gross similarities in regional geology.
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The variation of the earthquake magnitude regidualis with
epicentral distance indicates that the anomalous Long Shot res=sidusls
may be partially explained by errors in the standard amplitude-
distance relationships. The data at these stations indicsteas thzt
the curves may be in error by as much as 0.2 units in the 25° range
although this effect cannc¢t, at this time, be separated from such
poss8ible factors as lateral inhomeger.eities 1n the cruat and upper
mantle in the vicinity of the station or source. This also applied
to the azimuthal variations of the magnitude reziduals which indicate
that events in the Aleutian Arc tend to be received with lower
than average amplitude at all three stations.

To obtain an indication of how the observed magnitude
residuals at these stations depend upon the source parameters,
the data were analysed by the statistical technique of step wise
linear regression (Draper and Smith, 19€6). At all three stations,
the only strong linear rorrelations were between the magnitude
residuals and source magnitude and with azimuth. The magnitude
residuals tended to decrease as these source parameters increasad,
This tendency 14 opposite to that sugge ted by Friedmanr. (1967)
who suggested that magnitude residuals should increase with increased
magnitude because nf the U,S.C.G.S. definition of magnitude already

discussed.

2-4 Long Shot Surface Waves

Liebermann et al (1966) reported the recognition of Long
Shot generated surface waves at 16 Canadlan stations compared with
the 5 identifications given by Jensen et al (1966) after an examina-

tion of the records for the same stations. Fo. this reason, the
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i1dentifications at 2 stations (Table 8).

Table 8

Surface Wave Ground Amplitudes and Magn tudes

Station

Alert (ALE)
Baker Lake (BLC)
Coppermine (CMC)
Flin Flon (FFC)
Frobisher (FBC)
Crea: Whale (GWC)
London (LND)
Montreal (MNT)
Mculd Bay (MBC)
Ottawa (OTT)
Resolute (RES)

Scarborough (3CB)

Scheffervillc (SCH)

Yellowknife {YKC)

)4

Amplitude
peak-to-peak (u )

(0.9, 0.55, 0.66)%

(0.24, 0.24, 0.25)
(0.94, 0.68, 0.83)
(0.66, - , 0.76)
(C.00, 0.49, 0.42)
( - . 0.68, 0.34)

0.42t, - )
(0.8, 0.66, 0.44)

0.5%, 1.59)
> 45, 0.43)

(00}
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05‘1’ 005!1)
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64, 1.13)

Amplitud=s are in the form (2, N, E)

t Identification uncertain

Lﬁﬁ B e e e i Chadbesin = cmemma L mam a R, S, ATLARR Pl AN e Tt s i el i

long period rccords of the Canadian selsmic stations were re-examined.

Surfece waves are now recognized at 12 stations plus tentative

rizon-

Surface wave
~magnitude
vertl- ho
cal Mg tal Ms
b,2 4.2
3.6 3.8
4,1 4.2
4,1 4.2
k.2 4.3
- 4.3
- 4.1
h.2 4.5
4.0 4.b
4.5 4 u
4.1 b1
- 3.9
4.2 4.2
4.3 4.3




e

39

The valuec given should be considered as upper limits
to the Long Shot motlion because the signal probably included
surface weves from another source (Liebermarn et al (1966)). An
earthquake of magnitude 4 occurred at about 21:00:03 U.T. October
29, 1965 near Unalaska Island (about 53.5° N, 168° W). As it was
closer to the (anadian stations than Long Shot (from 4-10°) and
about 3 minutes later, the theoretical travel times are praztically
identical. ‘he small magnlitude of this earthquake indicates that

its contribution to the total displacement would be small., Another

constraint on the accuracy of the amplitudes given was the extremely
low slgnal to nolse ratio at many of the statiors.

Where possible, the surface wave magnitude, Ms, has been
calculated from the total horlzontal displacement and from the
vertical displacement (Table 8).

An extrapolation of the nomogram by Gutenberg and Richter
(.956) was used to calculate Ms from the total horizontal displare-
ment. This nomogram 1s based on the equation (Gutenberg, 1945):

Ms = log A, - log B+ C + D

H

were: A, = norizontal component of the maximum ground
displacement 1a mizrons for surface waves
having } ~riods of about 20 sec

-log B

parameter depending on eplcentral distance
(determined from Table ‘I of Gutenberg (1945))

C+D

correction factor for station and depth,
taken as zero

Where only cne component of the horizontal displacement was

opserved, the other component was assumed to be zero.

Ms was calculated from the vertical displacements using

the equation (Bath, 1552):
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Ms = log A, - log B + 5(h) + M, + c(M + Mcalc)

where: A_ = vertical ground motion in microns of
surface wave of about 29 sec perioud

distance factor, from Table 4
Gutenberg (1945)

J
|
(o}
=
w
]

5(h) = depth cc' ::tion, zero in this case

M = sum of the first four terms

calc

= correction factor to make Ms vatues
consistent with those obtained from
horizoutal displacements

c(Mo - Mcalc)

An extrapolation of the correction féactor, c(Mo - M into

calc)’

the range of M values observed for Long Shol ylelds a value

calc
of +0.3 to +0.4, Applying this correction makes the vertically

determined Ms greater than the horizontally determined value. As
the avowed purpose of this correction is to equalize the magnitude

determinations, c¢c(M_ - M ) was chosen to be zero.

(¢] cale
With the assumption of zero amplitude for the unobserved
horizontal component, the average value of Ms from the horizontal
components is 4.2. With the assumption of a zero correction factor
in the vertical determination, the average value of Ms is 4.,1.
An empirical relaticnship between Ms and body wave
magnitude, m,, has been rormulated by Gutenberg and Richter (1956):
m = 0.63 M8 + 2.5
Applying this relaticuship, an average value of m, = “».l 18 obtained
from the surface waves as opposed to an average value of m, = 6.0
from the P wave magnitude determinatica.
A plot of the calculated value of Ms versus the correspond-

ing value of m from F waves (Fig. 13) shows that none of the ULong
Shot data satisfles the suggested relationship. This 18 to be
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contrasted with the resulta of Gutenberg and Richter (1956) who
found little indication of systematic deviation from the axis of
zero residual from seismic waves of earthquake urigin. However,
they also noted that the proportion of the energy transferred to
surface waves decreased rapidly as the magnitude of the earthquake
decreases., They attributed this effect to a reduction in the
linear dimensions of the source, an explanation which, if correct,
18 clearly applicable tn the restricted volume, impulsive model of

an explosive source,
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CHAPTER III

TIME RESIDUALS

3-1 TIntroduction

To study travel time residuals, regional variations in
crustal velocities must be known. In the United States, the mean
P wave crustal velocities may be summarized on a regional basis
as follows (Pakiser and Zietz, 1965):

(1) western orogenic belts - less than 6.2 km/sec to
6.5 km/sec

(2) coastal plains - less than 6.2 km/sec
(3) Appalachian orogenic belts - 6.2 wkm/sec to

6.5 km/sec
(%) shield and central stable region - greater than
.5 km/sec

Assuming an average crustal thickness, velocity differences in
the crust alone can explain, at most, a 0.6 zec Jdifference in
arrival times. However, the Pn velocities 2xhibit a similar trend
of higher and lower than average value®s., Further, Cleary ani Hales
(1966) have found travel time residuals which are related in a
simlilar way to the tectonlic history of the reglon. This impliles
that the near-surface pattern extends some depth into the mantle.
In addition to the residuals resulting from the regional
veloclty varlations, there 18 a contribution to the total tiravel
time residual from inaccuracies in the Jeffreys-Bullen travel time

tables (Chinnery and Toksoz, 1967).

3-2 Long Shot Travel Time Residualg

The Jeffreys-Bullen P wave travel time residuals observed
at the Canadian and LRSM seismic networks in North America are

shown in Figs. 14 and 15 (see alsc Tables 9 and 10). The large,
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Table 9

BH-YK
WH-Y™
WL-YK
SI-BC
FL-BC
NP-NT
PG-BC
KV-AT
JP=-AT
WS-AT
YR-CL
BMSO
SW-MA
HLZID
HV-MA
MN-NV
TE-GL
TF-CL
CH-MT
LAO

VBSO
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Long Shot Jeffreys-Bullen Time Residuals
at
LRSM Stations®
STATION J-B (sec) STATION
Residual .

Burwash Landing -3.8 KN-UT Kanab
Whitehorse -3.8 RG-SD Redig
Watson Lake -3.6 CP-CL Campo
Smithers -1.4 RX-ON Red Lake
Fort Nelson -4.5 TFSO Tonto Forest Obs.
Mould Bay -3.6 WN-SD Winner
Prince George -3.3 LC-NM Las Cruces
Keg River -5.0 CR=-NB C(Crete
Jasper ~-3.8 KC-MO Kansas Ciuvy
Waterways =4.0 WMSO  Wichita Mt. Obs.
Yreka -1.4 SV3QB Schefferville
Blue Mt. Obs. =3.4 GV-TX Grapevine
Sweetgrass -4.0 EN=-MO Ellsinore
Halley -3.1 SJ=-TX San Jose
Havre -5.0 CDSO Cumberland Plat.
Mina =-2.0 DH=-NY Delni
Thule 4.1 HN-ME Houlton
Taft -2.5 FPN-WV Franklin
Fort ( hurchill -4,0 BE-FL Belleview
LASA, D3-10 -4.8
Vinta Basin Obs. -3.2

* arrival times from Clark (1965)

J-B (sec)
_ggsidual

-2.1
-5.5
-3.0
-5.6
-2.6
-4.6
-3.3
-5.9
-5.3
-4.3
-1.0
-3.7
-6.0
-2.3
-5.3
-5.4
-5.7
-5.2

-309
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Long Shot Jeffreys-Bullen Time Residuals

Table 10

STATION
ALE Alert
BLC Baker Lake
CMS Coppermine
EDM Edmonton
FFC Flin Flon
FSJ Fort St. James
FBC Frobisher
GWC Great Whale
HAL Halifax
LN London
MNT Montreal
MBC Mould Bay
OTT Ottawa
PNT Penticton

at

Canadian Stations¥

J-B (sec)

Residual

-3-5
4.4
-3.4

-2.9
-6.8
-3.4
-6.5
-3.9

STATION

Port Hardy
Resolute

St. Johns
Scarborough
Schefferville
Sept Iles

Seven Falls
Shawinigan Falls
Victoria
Yellowknife
Leduc

Rocky Mt. House

Wawa

* arrival times from Jensen et al (1966).

J-B (sec)
Resldual

-1.7
-3.8
-4.8
-3.5
-4.,9
-5.4
-6.4
-6.5
-2.0
-4.2
-4.6
-4.,5

_5-7
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consistently negative residuals indicate a peculiarly high
veloclity upper mantle in the reglon of the Aleutlan Are
(Chinnery and Toksoz, 1967).

The average residual was -3.5 sec which may be
consldered to a first approximation to be the bias introduced near
the source by an anomalousg crust and upper mantle., On this basis,
time residuals less than -3,5 gec 1ndicate a relatively late
arrival while time residuals greater than -3.5 se¢ 1ndicate a
relatively early arrival., Using this rather arbitrary division,
the observed time residuals may be examined for regional trends
and variations.

Despite the scatter which 1s inherent in the readings,
correlations are indicated with the major tectonic divisions of |
North America (after Eardley, 1962). Arrivals in the recent
orogenic belts of western North America (average time residual
-2.7 sec) and 1n the coastal plains (average time residual -3.1 sec)
tend to be relatively late. Arrivals in the shield (average time
reeidual -5.1 sec), central stable region (average time residual
-4.4 sec) and *he older Paleozoic orogenic belts of the eastern
and southern United States {average time residual -4.4 sec) terd
to be relatively early. Although the arrivals in the Paleozoic
orogeric belts would, on the baslis of mean crustal velocities,
pe expected to be later than arrivals in the central stable region,
this effect appears tc be obscured by the strong tendency of the
residuals to increase with distance., The arrivals tené to be
earliest 1n the shield area as would be expected.

As has been mentioried, the Pn and mean crustal velocities

terrd to vary in the same way. High Pn and mean crustal velocitier

P - e e R p——n i i o e o L R A B T Sy TLTRL P -
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tend to be asscclated, as do low Pn and mean crustal velocities.
When the cumulative effect of these velocities 1s consldered,

it becomes feasible to explain a large part of the time residuals
in terms of velocity variations near the station and from station
to station. After correcting the arrival times for the effect of
different mean crustal velocitlies at the stations, a further
adjustment ls made by assuming that the Pn veloclity contrast
continues to aepth. This calculation ignores the fact that the
true velocity contrast must tend to zero with depth but it should
be ¢ .sonable first approximation. Applying this method to the
differerice in timc residuals between Havre (HV) in the central
stable region and Kanab (KN) in the western orogenic belt, a
.2pth of about 200 km is indicated below which the mantle is
uniform, a not unreasonable depth.

This technique 1s also useful in pointing out inconsis-
tencies in crustal models. The Long Shot travel time residuals
ind_.cate that the velocities under PNT are higher than under
FSJ whereas the opposite trend has been suggested as the most
suitable on the basis of the limited refraction data available.
In the next section, earthquake travel time residuals are
examined at FSJ and PNT in an attempt to ascertain the most
feasible velocity distributions beneath these stations.

The final factor that may contribute to the observed
Long Shot travel time residuals 1s inherent errors in the Jeffreys-
Bullen travel times. Chinnery and Toksoz (1967) have shown that
thelr modified velocity-depth model of the mantle already aiscussed

will explain parc of the variation in Long 3hot residuals after
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local corrections have been applied, This model will accounf
for, at most, a 2.5 sec difference in residuals as compared
with a maximum observed difference of approximately 8.0 sec.
This further emphasizes the 1mportance of local factors 1in

determining travel time residuals,

3-3 Penticton and Fort St. James Travel Time Reslduals

Earthquake travel time residuals were calculated at
Penticton and Fort St. James for :omparison with the values
obtained from Long Shot. The residuals obtalned were also
examined for correlations with the source parameters to determine
the extent of the regional blag of events 1n the Aleutlan Arc
region,

The usefulness of travel time residuals depends on an
accurate knowledge of epicenter location, depth, origin time,
station location, timing accuracy ar unambiguous first arrivals,

In this study, the eplcenter locations, depths and
origin times published by the U.S.C.G.S. were used., They glve
standard errors in both latitude ard longlitude that typically range
from t5 to Lo km. In cases where the depth 1s not constrained,
the standard error in depth typically ranges from 10 to t50 Lar
Depths are constrained (or in U.S.C.G.S. terminology "restrained")
if they are well established by pP arrivals or if they become
negative at any time during the computation in which case they are
set at 33 km. The standard errors in origin time are typically
i"1.0 sec or less. Although these standard errors give a measure
of the constancy of the data rather than probable error in the

computation, they may be considered as a measure of the accuracy
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with w«iilch the source parameters are known.

Station loca’ions are known to the nearest minute of

Epicentral distances were calculzted w.th a correction
for the eccentricity of the earth.

Time at FSJ and PNT 1s provided by chronometers which
are checked agalnst a national standard at the beginning and end
of each record. Although the accuracy of the time varies, 1t
does not seem to do so in a systematic manner so that the errors
introduced by this source should have a negligible effect on
the means of the large samples consldered.

To minimize arrival time ambiguity, only data from well
defined, impuisive arrivals has been used. These arrivals can
be read to $0.1 sec.

Theoretical travel times were calculated fror inter-
polated Jerfreys-Builen Seismological Tables (Travis, 1965) in
which the travel times are glven to the nearest 0.1 sec at one
degree intervals at each of the fourteen standard focal depths.
The Lagrangian four-point interpolation polynomial was used to
interpolate between the degree intervals and linear interpolation
was used to interpolate between the standard depths.

The final criterion applied was that the magnitude of
the time residual be less than 5.0 sec. This 1s suggested by
Tryggvason (1964) who noted that his time residurl data were
normally distributed when this constraint was applled. Although
there 1s no a priorl reason why time residuals should be rormally

distributed, large residuals are much more likely to be due to




accidental errors such as misinterpretation of phases or clerical
errors.

The application of the :zbove criteria to the PNT and
FSJ data for the February 1965 to August 1966 period produced
204 suitable arrivals at PNT and 64 at FSJ {Table 11). Although
the sample sizes differ conslderably, the mear-~ and standard
dev.ations of the depths, magnitudes, nzimuths and eplcentral
distances indicate that they were drawn from substantially the
same populations.

To determine confidence limits on the mean values of
the time residuals it 13 necessary to know the distribition
function which the data satisfy. The histograms of the cata
showed substantlal dbpaftures from a normal distributicn for
time residuals larger than 2.75 sec. An examination of the
scatter plots of the *ime residuals versus distance and versus
depth showed that the large residuals were all assoclated with
near events ( < 30° ) or deep events ( > 200 km ). Travel times
from near events are known to be strongly affectad by regional
variations in crust and upper mantle stru:turc. Cleary and
Hales (1965) recommend that the sample be restricted to shallow
events tc avold possible complications cue to large variations
in focal depth. For these reasons, data from near or deep events
were eliminated from the sample (Table 12).

The histograms of the data (Figs. 16 and 17) and fitted
normal curves show that the data 1s substantially n<rinally
distributed. The mean time residuals are 0.17 ¢t 0.13 sec at PNT and

0.54 # 0.26 sec at PSJ for 95 per cent confidence limits.
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Table 11

depth (km)
magnitude
distance °

azimuth °

re ‘iual (sec)

Table 12

depth (km)
magnitude
distance °

azimuth °©

residual (sec)

Table 13

depth (km)
magnitude
distance °

azimuth °

residual (sec)
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Original Samrle( Time Residuals )

PNT (204 valies)

mexan st. dev.
95.93 124,59
5.U5 0.52
61.32 22.69
239.06 77.94
- 0.26 1.61

FSJ (64 values)

mean st. dev.
92.05 121.29
5.84 0.42
61.53 22.543
265.32 97.87
0.26 .73

Modified Sample ( Time Residuals )

2wl (182 values)

mean st. dev.
67.86 62.53
5.45 0.50
60.17 22.26
273.06 79.59
0.17 0.86

FSJ (57 values)

mean st. dey.
64,75 57.80
5.86 0.b40
61.28 22,4y
252.43 100,12
0.54 1.02

Common Source Time Residuals

PNT (24 values)

mean st. dev.
53.17 by, 86
5.98 2.43
57.73 21.23
244,81 93.23
0.00 0.75

FSJ (24 values)

mean st. dev.
53.17 by ,86
5.98 0.43
55.89 23.16
238.98 91. 66
0.67 0.98
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It 1s possible that a bias 1s introduced by comparing
residuals from what are, in fact, different samples. If the sample
is restricted to common source events (Tabie 13), time residuals
nf 9.00 # 0.32 and 0.67 # 0.42 seconds are obtained for PNT and
FSJ respectively for 95 per cent confldence limits. These values
are in agreement with the mean time residuals given above although
the sources tend to be of larger average magriltude ana closer
as would be expected. The FNT arrivals are consistently early
with respect ¢t the FSJ arrivals.

As the crustal and upper mantle velocitles are more
accurately known at PN.Y than FSJ, thls 1ndicates that the mean
crustal velocity at FSJT is less than 6.0 km/sec as oppcsed to
the 6.1 km/sec suggested earlier and that the Pn velocity is
probably less than 7.8 km/sec rather than 8.0 ur 8.5 km/sec
i€ already suggested. Both the mean crustal and Pn veloclty
at FSJ must be less than at PNT to explain the observed time
residuals 1n terms of varlations in crustal and upper mantle

veloclities.

3-4 Comparison of Long Shot and Earthquake Time Residuals

As has been 1ndicated, the Penticton and Fort St. James
stations werz chosen for study because the Long Shot records
suggested that they represented different regimes. This has been
partially confirmed by the earthquake magnitude residuals and
due to the correlation between tectonlic environment, magnitude and
time residuals already discussed, the time residuals should also
reflect thils difference.

Although the observed Long Shot time residuals should
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not depend on the nature of the source, other than to he more
accurate because of precise knowledge of location and orizin taime,
they should refiect its geographical and geologlcal location.

For this reason, the Long Shot time residual. are compared with
those of earthquakes with similar source parameters to deteralre
whether or not they may be considered representative of the Aleutian

Arc region (Table 14).

Tahle 14
Earthquake and ang Shot Travel
Time Residuals at PNT and FS8J
Sample PNT F3J PNT-FSJ
- S€ec sec __Sec
Long Shot -3.9 2.7 -1.2
Earthquakes
depth 0-20 km - .46 .55 -1,01
discance 34-42° A6
30-38° 1.29 - .33
azimuth 292-302° .30
28“‘29“0 105“ -102"'
distance and azimuth
of Long Shot U7 1.13 ~0.66
all values - .26 .26 - .52
modified sample 17 .54 - .37
common source 0.00 .67 - .67

In the cases considered, the PNT arrivals are consistently
early with respect to the FSJ arrivals. As has been mentloned,
this must refliect dif. ...’ velocity distributicns beneath the

stations. The mean earthquake travel time residuals are most




simiiar to the Long Shot va.ues at these stations for shzllow events

and everis from the 3same szimuthal zone as Long Shot.

The comparison is, however, limited by uncertainties
in earthquake travel time residuals and by the fact that mean
residuals are being compared with & single set of readings. Usin-
two times the standard deviation as a measure of the scatter of
the data, a range of differences of ~0.67 # .70 sec is obtained,
from comaon events, between these stations. As the difference of
-1.2 sec obtained from Long Shot at t“ese stations falls well
within this range, the differer e in residuals must be conside.ed
rerresentative of events in the Aleutian rogion.

Although the magnitude of the difference in t:-aveol time
residuals obtained from earthquakes 1s comparsable to t....: om
Long Shot, the consistently negative travel time reriduals exhibited
by Long Shot were not observed. This eff2ct, 11" present, is
probably obscured by considering mean vaiuex and the prrors in

earthquake travel time residuals.

3=-5 Fuactional Relationships

The time residuals were also examined for functional
relationships with depth, epicentral distance and azimuth,

A strong correlation with depth was indicated with
linear correlution coefficients of -0,67 and =0,77 for PNT and
FSJ respectively. This was due to the concentration of large,
negative time resicuals with deep events.

The time residuals showed é roughly sinusoidal variaticn
with distance. Peaks were indicated at approx!mately "0 and 85°

with a trough at approzimately 60°, This iz consistent with the

2 1
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travel time residual versus distance curves giver by Carder (1964),
Cle:ry and Hales (1965) and Chinnery and Toksdoz (1967).

Although the azimuthal distribution of data was poor,
the arrivals from the first and second quadrants tenied to be

late relative to arrivals from the third and fourth quadrants.

i




T

58
CHAPTER 1V

S1€CTRAL ANALYSIS OF EARTHQUAKE AND LONG SHOT DATA

4.1 Introduction

The spectrum of a selsmic signal is determined by the source,
travel path and selsmometer characteristics. The seismometer
characteristics can be removed so that remaining station to station
variations result{ from transmission patn dirffereiices and the radia-
tion pattern of the source. Assuming the explosive source is syvmmetiric
station to station variations in the spectra from an explosion should
reflect transmission path differences.

Amplitude spectra may be compared in terms of their attenua-
tion rates by fitting to the spectrum a function

B(f) = Dexp(-yf) (1)
where: B(f)

amplitude as a function of frequency

D constant

-y slope of the logarithm of the amplitude spectrum

For a plane wave, amplitude as a function of distance and frequency
is proportional to
exp(-=x) (2)

where
nf

T cq

and « is the spatial attenuation factor, x is distance, ¢ 1s phase
velocity and 1/Q is the specific attenuation factor. The specific
attenuatiorn. factor describes the contribution of anelasticity to
the loss of amplituZe and 1s defined as

AE

1
Q E

where AE 1s the enerpgy dissipated rer cycle and E is thz peak elastic
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energy for that period. Gutenberg (1958, has suggested that
QAL U00 for P wave amplitudes.
Frem (1) and (2) it can be seen that for a homogeneous

earth

if the source runction is assumed to be constant. An orde: of
maguitude calculation indicates that y should be Zbout 2 or 3 at
35°. Clearly, y would he expected to increase with distance, all
other factors being equal. However, for a more realistlc model
of the earth both Q and C will vary for different transmission paths
and along each transmission path. Other possibilities, such s Q
being a function of frequency, should also be considered. For these
reasons it is nct possible to directly relate y to either spatial
or specific attenuation factors but only to consider it as a measure
of attenuation at a particular station of A particular event.

In this case, the power spectra will be comnsidered as a
function of frequency

P(f) = C exp(~-Bf)

where B is the gpectral decrement and

B,’2.,421rx
‘ cQ
The varilations in spectral decrement wili reflect differences in
path length and source spectra as well as changes in the transmissioa

\ properties of the material through which the seismic wave propogates.

Jensen et al {1966) present power and amplitvde spectra of

it

the vertical component of the Long Shot arrival at a number cf
Canadian stations. They noted that the spectral decrement was

significantly greater at Victoria and Wawa than at Leduc and R¢ 'y

A R ke i 1
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Mt. House. Victoria, Rocky Mi. House and Leduc were at a distance
of 36.1, 39.2 and 39.7° respectively Trom Lorng Shot with station

to source azimuths of 299.9, 29¢.8 and 295.7° so that the travel
paths in the vicinity ol ihe scurce shculd have been practically
identical. The paths would be dificrent in the mantle and, of
course, in tle vicinicy of the stations. As the deeper mantle 1s
thought to be homogeneous, it seems probable that a large part of
the statlon to station variatlior in Long Shot spectra noted by
Jensen et al (1966, can be attributed to the crusi and upper mantle
in the vicinity of the stations. Ichikawa and Basham (1965) have
stressed the importance of the crust and upper mantle in determining
variations in spectral decremert between statiocrs.,

Intuitively, 1t would ve expected that an explosion might
yileld higher frequencles than 27r%hquakes because of 1ts impulsive
natire and restricted vclume relaz.ive to an earthquake source.

That 1s, the spectral decremcat of the Long Shot signai should be
smaller ‘han that of earthquakes unless the sour~e effect 1s obscured
by local crustal and upper mantle structure. Hence a comparison

of earthquake and Long Shot spectra may indicate characteristics

that could be useful to ldentify the source mechanism as well as

the relative importance of the various effects that deteri.ine the
slope of the observed spectra. For these reasons, the Lo>ng Shoh
sg.ctra at Leduc, Rocky Mt. House and Victoria are compa.'ed with
earthquake spectra.

Finally, if varlations in the Long Shot spectral decrecment l
are largely Zetermined by tYhe crust and upper mantle in the vicinitv

of the stations, they may delineate the anomalous regicn in zentral

N ST RO ]
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British Columb?1 and the southern Yukon. Therefore, the Long Shot
spectra at stations within this region are calculated and compared

with Long Shot spectra from other stations.

4-2 A Comparison of L-:ig Shot and Earthquake Spectra

The Long Shot spect.ra at Leduc and Rocky Mt. House can
be compared w#with the spectra of earchquakes recorded at these
stations by the Arctic Institute of North America (under Grant
AF-AFOSR-702-6Y4) during the summer of 1965. The power spectra
of the first 20 sec of the vertical component of the P wave arrivals
have been provided by R. M. Ellis and P. W. Basham.

Figs. 18 and 19 show the Long Shot spectra at Leduc and
Rocky Mt. House as well as the spectra of an earthquake (October 27,
1965; location: 51.6° N, 175.5° =; depth: 41 km; magnitude: 5.5 =
USCGS determination) with source parameters comparable to Long Shot.
The averaged farthquake spectra at Leduc and Rocky Mt. House are
also shown.

The spectra of both the earthquake and Long Shot at Rocky
Mt. House are quite featureless and fall off rapidly with frequency
whereas the spectra .~ the same events recorded at Leduc have well
defined peaks and troughs and fall off relatively slowly. As the
sources are common and the stations are not widely separated geo-
graphically, this 1s likely due tc a modification of the signal
by the ~rust and upper mantle in the vicinity of the stations.

The spectra (Figs. 18 and 19) may be compared in terms
of spectral decrement which 1s one measure of the energy distribu-
tion in the signal. Given a common source and approximately

equidistant stations, any variation in spectral decrement ' :tween
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stations should be due to attenuation or reverberation in the crust
and upper mantle in the vicinity of the station. The spectral
decrements aie 4.4 £ 0.8 and 6.0 ¥ 1.5 sec/cycle at Leduc and

7.2% 1.4 and 7.4 ¥ 1.3 sec/cycle at Rocky Mt. House for Long Shot
and the earthquake.

Both visual inspection of the spectra and spectral
decrements indicate relatively more energy at higher frequencies
in the Long Shot signal than in the earthquake generated signal
with otherwise comparable source parameters.

However, this comparison has been between a single
earthquake and Long Shot and it is irnportant to determine whether
or not tvhis 1s generally true, The average spectral decrement
of the earthquakes grouped by azimuthal, distance and depth zones
as well as the spectral cdecrement of Long Shot at Leduc and Rocky

Mt. House are shown in Table 15,

Table 15.

Spectral Decrements &t Rocky Mt. House and Leduc

Source No. B 95% No. B 95%

sec/ coaf, sec/ conf.

L cycle 1ts. cycle 1ts.

Long Shot 1 7.2 %T1.3 2 4.4  *0.8
Earthquakes . -

average 16 7.1 =1.0 40 7.2 1.4

A R yp° 5 7.3 *1.3 13 6.9 1.3

A >50° Y 6.5 *0.9 15 7.0  *1.3

A< 30° 6 7.3 %12 11 7.0 T1.0

az & 295° 3 7.0 t1.1 22 6.8 .2

az =~ 140° b 6.6 *1.0 7 6.5 1.1

depth < 33 km 10 7.2 Tia 2l 7.3 1.3

depth > 33 km 6 6.8 *i1.2 15 6.5 1.1

common sources 16 7.1 o 16 6.6 11
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Tiie average spectral dec.ement of the earthquakes recorcded at Rocky
Mt. House 1is 7.1 i 1.0 sec/cycle versus 7.2 < 1.3 sez/cycle for
Long Shot., I1hese values are indistinguishable due to the wide
95 per cent confidence limits, The difference at Leduc is more
significant with an average earthquake spectral decrement of
7.2 T 1.4 sec/cycle versus 4.4 T 0.8 sec/cycle for Long Shot.
Only one of the 40 events recorded at Leduc (azimuth: 138,1°;
distance: 81.4°; depth: 129 km: magnitude: €,0; spectral decrement:
4.6 ¥ 0.8 sec/cycle) had a spectral decrement comparable to that
obtained for Long Shot, ali others were at least one unit larger.
This suggests that the difference in spectral decrements is partly
due to different source mechanisms and as such, may have application
to the problem of distinguishing explosive from natural seismic
sources at the Leduc station at least.

The very large difference in spectral decr=ments between
Long Shot at Ledvc and Rocky Mt. House is difficult toc reconclle
with the idealized, symmetric model of an explosive scrce, A3
the spectral decrement of Long Shot at Leduc is near the average for
the stations recording Long Shot considered (see Tables 15, 17
and 18) the observaticn that requires explanation is tae large
spectral decrement of Long Shot at Rocky Mt. House.

A more detailed exzalnation of Table 15 does nct indicate
significant correlations with any of the source parameters with
the exception of a weak tendency for the sample to be less than
the mean if it 1s rest:icted to events with epicenters at depths
greater than 33 km or events in the 140° azimuthal zone, There is

also a wez.t tendency roi' the spectral decrement to increase with
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increased distance to source which 1s olLscured by the averages glven
in Table 15.

Earthquake data was also obtained from a magnetl: tape
recording seismograph operated in the Victoria vault for one week,

During this pericd, 3 suitable events were recorded (Table 16).

Table 16
Earthquakes Recorded at Victoria
Datek Region Lat. Long. Depth Mag Disgance A?%mutf
km

May 18, 1966 Gulf of Calif. 25.0N 109.7 W normal 5.3 25.7 4o,
May 19, 1966 Unimak Is. 54,IN 164,11 w 28 5.6 26.0 208.¢
May 20, 1966 Vanc. Is. 50.2N 129.66W 37 5.0 h,7 298,73
¢

U.5.C.G.S., determinations

The power spectra of the first minute of the vertical component of
the signal are shown in Fig. 20 and the calculated spectral decrement=

in Table 17.

Table 17
Spectzglwggpqements at V}cggyia
source spectral 95%

decrement, B conf'idence
(sec/cycle) - limits

Long Shot 4,3 .0

Gulf of Calif. 5.9 1.0

Unimak Is. 6.9 t .6

Vanc. Is. 3.8 t 6

Although the spectral decrement of Long Shot at Victorila

was thought (Jensen et al, (1966)) to be anomalously lairge with

il
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respect to Leduc and Rocky Mt. House, thils couparlson indi-ztes

watias

that 1t is comparable to the spectral decrement at TLeduc (see Tatle
15) and that it is the spectral decrement of Lcng Shot a Rocky 1%,
House that 1s anomalously large. TFurther, the spectral decreme. .3

of the Gulf c¢f California (5.9 sec/:ycle) and Unimak Island /€.5 sec/
cycle) events are large than that of Long Shot (4.3 sec/cycle) at
this station,

The Vancouver Island event cannot be legitimately
compared with the teleseismic events as it was only 4,7° from the
station., At thlis distance the first minute of signal would contailn
phases other than P. Desplte this, 1ts spectral decrement 1is of
interest as it ig markedly smaller (3.8) than the spectral decrementsz
of the other events., This 1s probably a distance-from-sgource
effect as spectral decrement 18 proportional to distance and this
event was only 4,7° from Victoria as opposed to 36,0° from the
source of Long Shot to Vietoria.

At Leduc and Victoria the spectral decremert of Long
Shot was smaller than the average spectral decrement o. the
earthquakes at comparable dlstances which 18 probably due to
the differences in source mechanisms., The spectrum of Long Shot
at Rocky Mt. house appeared tc be anomalous in that its spectral
decrement was larger than that of Long Shot at the other statlicns
and, on the average, inclistinguishable {rom the spectra of the
earthquakes recorded at the station. This may be partially due
to the high level of the low {requency noise at Rocky lit. House,

Desplte these differences in spectral decrements,
the character of the spectra from the two types of sources was

simllar at each station which suggests that 1t i1s partially

L B
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determined by local factors.
There was 8l1so a tendency for the spectral decrement
to increase with increased distance to source as 1t should from

theoretical considerations.

4.3 Long Shot Spectra at Western Canadian and American Stations

The spectra of the Long Shot arrivels in and around
the anomalous region of central British Columbia and the southern
Yukon are shown in Figs, 23 to 26, The spectra are of the first
minute of the vertical component of the P wave arrival from the
records of the LRSM stations in this area.

The calculated spectral decrements are shown in Table 18
and in Figure 21 as a function of the Long Shot magnitude residuals

at the station.

Table 18, Long Shot Spectral Decrements
station distance l.ong Shot spectral 95% conf,
(*; mag. res, deor, B limits
(sec/cycle)

Adak 1s, 2.6 (+ .9) 3.3 LI ¢
Burwash Landing 24,7 - 3 3.8 t,
Whitehorse 26.6 -1,1 3.8 t.8
Watson Lake 29.8 - .6 3.5 t,
Smithers 31,8 -1.1 3.0 i,
Fot Nelson 33.0 - .6 3.8 t s
Prince George 34,6 =1,3 4,5 t .6
Victoriak 36.2 - .6 4,3 1.0
Keg River 36.4 - .4 4,90 .6
Jasper 37.4 - .6 h,2 t 6
Rocky Mt, House 39.4 - .3 T.2 1.3
Leduc 39.9 + .1 b4 .8
Blue Mt., Observatory 81,7 - LU 4,3 t .8
Sweetgrass k2,7 - .2 3.4 T 9




“
' Jensen et al (1966)

The average spectral decrement at ... stacions in the anomalous
reglon 1s 3.9 as opposed to an average of 4.4 for stations outside
of 1t. The spectral decrement does not reflect the anomalous
magnitude residuals " the manner that would be expected 1n

that the larger, average spectral decrement is assoclated with
statlons with small magnitude residuals,

The spectral decrement appears to increase in proportion
to distance from the source (Fig. 22) as would be expected. The
relatlonshlip, if real, 1s largely obscured by the large scatter
and particularly, by the small spectral decrement at Sweetgrass,

Although the spectral decrement does not appear to
differ significantly from the mean at stations recording aromalously
low Long Shot amplitudes, the large scatter of the resalts could

easlly obscure any varlation that might have been expected.
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CHAPTER V
CONCLUSIONS

On a regional tasis, the Long Shot residuals are comps “Dle
with an amplitude-tectonic zoning in which the magnitude residuals tend
to be relatively negative and arrivals late 1In reglons of recent
orogeny, while positive magnitude residuals and early arrivals
characterize stations in stable regions. These trends are consistentu
with those indicated by data from other seismic sources.

The mean magnitude residuals for earthquakes of 0.17 * 0.03
at Penticton and -0.14 # 0.05 at Fort St. James compare with the
Long Shot residuals of 0.0 and -0.8 at these stations; that 1s, the
amplitudes at Penticton tend to be higher than at Fort St. James.

The mean magnitude residual for earthquakes of 0.36 # 0.08 at the
University of British Columbia is markedly different than the Long

Shot residuals of -0.6 observed at Victoria and Port Hardy which are

in a comparable tectonic environment. At least part o>f this difference
can be explained by the relative amplification due to the low veliocity
and low density sedimentary material upon which the University cf
British Columbia station is situated.

Magnitude residuals from the two types of sources were mcre
similar If the earthquake data were restricted to events in the
Aleutian Arc region. At all three stations, the earthquake magnitude
residuals tended to be less than the mean for evenis with distance
and azimuth comparab:.e to .ong Shot. The systematic variations with
distance of the earthquake magnitude residuals’ at these stations
suggests the need for modifications to the standard amplitude-

distance relationships as well as the possibility o" lateral

b
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inhomogenieties beneath the stations.

The mean earthquake time residuals of 0.17 ¢ 0.13 sec at
Penticton and 0.54 ¢ 0.26 sec at Fort St. James are compatible with
the Long Shot residuals of -3.9 and -2.7 sec at these stations t-
the extent that the arrivals at Penticton tend to be early with
respect to arrivals at Fort St. James. The consistently negative
Long Shot travel time residuals indicate a strong regional bias that
is probably due to an anomaiously high upper mantle velocity in the
Aleutian Arc region. The earthquake time residuals at Penticton «nd
Fort St. James indicate a similar bias, as the residuals from events
in that region were most similar to the Long Shot residuals.

The mean earthquake magnitude resicdual of -0.14 ¢ 0.05 at
Fort St. James supports the suggestion that it is located in a region
of anomalously low amplitude. As the mean residuals at Penticton,
The University of British Columbia, Port Hardy and Victoria are all
greater than zero, these stations must be excluded from the region
despite gross similarities to the tectonic environment of Fort St.
James. H. I. S. Thirlaway (private communication) has observed that
mountainous regions generally give low amplitudes which are probably
caused by scattering of the P wave within the crust and in the
vicinity of the station, La Paz, Bolivia being an extreme example .
This mechanism probably contributes to the low amplitude region in
central British Ceclumbia and the southern Yukon.

Reliable or ten.ative surface wave identifications have
now been made at 14 Canadian stuations (Currie et al; 1967) as
compared with the 16 stations reported by Lietermann et al (1966)
and the 5 stations initially reported by Jensen et al (13€6) Long

whot has been found to be an inefficient genzrator of surface waves
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relative to an earthquake of comparable magnitude. A unified
magnitude of only 5.1 i1s indicated by surface waves as opposed to

a magnitude of 6.0 from body waves. This is consistent with observa-
tions made of other underground nuclear explosions.

Earthquakes exhibited larger spectral decrements than Long
Shot at Leduc and Victoria. That is, there was relatively more energy
at high frequencies in the Long Shot signal than in the signals of
the earthquakes considered at these stations. The earthquake spectral
decrements varied from station to station in a manner similar to the
varlations of the Long Shot spectral decrements which 1is indicative
of a near station effect.

The spectrum of Long Shot at Rocky Mt. House appeared to
be anomalous in that its spectral decrement was larger than that of
Long Shot at the other stations and, on the average, indistinguishable
from the spectra of earthquakes recorded there.

The variation in Long Shot spectral decrements between
stations in and around the anomalous region in central British
Columbia and the southern Yukon could not be correlated with the
low amplitude region despite the fact that spectral decrement is
partially deterinined by near station s’ ucture.

The effect of the source parameters was indicated by a weak
tendency for the spectral decrement to decrease with decreased dis-
tance to source and with increased depth. Events from the 140°
azimuthal zone also tended to exhibit spectral decrements less than

the mean.
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