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THE STRUCTURE OF THE EARTH'S CRUST IN THE VICINITY OF
VANCOUVER ISLAND FROM SEISMIC AND GRAVITY OBSERVATIONS

ABSTRACT

A seismic explosion programme has been carried out
in the Vancouver Island-Strait of Georgia area of
Western Canada. The programme included a relatively
intensive survey in the Strait of Georgia between
Campbell River and the south end of Texada Island, as
well as a number of longer range refraction lines ex-
tending from Kelsey Bay along the coast as far south
as northern California, and east through the mountains

" to a distance of 700 km. Gravity readings were ob-
tained at intervals of about ten km. along the east
coast of Vancouver Island as well as for a number of
east-west traverses. Readings were also obtained for
a few locations on the British Columbia mainland.

Except for a marked positive trend in the Victoria area,
the regional value of the Bouguer anomaly for ‘the
Vancouver Island area is nearly zero. '

The average structure for the area, derived from the
seismic refraction observations consists of a layer of
volcanic and granitic strata less than five km. in
thickness, and an intermediate layer 46 km. thick with
a constant velocity for compressional waves of 6.66
km/sec. A velocity of about 7.7 km/sec. for the
mantle has been observed along unreversed refraction
lines, both along the coast and east through the moun-
tains. Interpretation of the refraction observations
has been based mainly on first arrival phases. The
observed regional gravity anomaly is compatible with
the crustal model obtained from the seismic results.
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ABSTRACT

A seismic explosion program has been carried out in the Vancouver Island-
Strait of Georgia area of Western Canada. The program included a relatively
intensive survey in the Strait of Georgia between Campbell River and the south
end of Texada Island, as wéll as a number of longer range refraction lines
extending from Kelsey Bay along the coast as far south as northern California,
and east through the ﬁountains to a distance of 700 km, Gravity readings were
obtained at intervals of about ten km. along the east coast of Vancouver Island
as well as for a number of east-wegt traverses. Readings were also obtained
for ; few locations on the British Columbia mainland. Except for a marked
positive trend in the Vietoria area, the regionél value of the Bouguer anomaly
for the Vancouver Island area is nearly zero.

The average structure for the area, derived from the seismic refraction
observations consists of a layer of volcanic and granitic strata less than five
km., in thickness, and an intermediate layer with a constant velocity for com-
pressional waves of 6.66 km/sec., 46 km., thick. A velocity of about 7.7 km/sec.

“

for the mantle has been observed along unreversed refraction lines, both along
the coast and east through the mountains, Interpretation of the refraction
obs;rvations has been based mainly on first arrival phases. The observed
regional gravity anomaly is compatible with the crustal model obtained from

the seismic results,
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1. INTRODUCTION

1.1 Definition of the Earth!s Crust

Various definitions of the earth's crust have been suggested., For
example, three concepts have been cited by Ewing and Press (1956) as follows:
(1) The division of the outer part of the earth into two zones, the outer
shell being designated the lithosphere, characterized by the fact that the
material possesses sufficient shear strength to support the topographic
features in evidence at the surface of the earth. This is underlain by the
asthenosphere, in which the shear forces are negligible and only hydrostatic
forces are important. When surface elevations or depressions have 1atergl
dimensions several times the thickness of the lithosphere, they are supported
mainly by the hydrostatic forces of the asthenosphere.

(2) The division on the basis of the maximum depth at which earthquakes are
observed. The material above such a boundary must be sufficiently rigid to
allow shear strain energy to build up to values required to account for the
observed magnitude of earthquakes. The question of the time scale over
which strain energy is maintained must be considered. Earthquakes are known
to have depths of focus in certain areas in excess of 700 kilometres.

(3) The division between the crust and the mantle as marked by the
Mohorovi¥i€ discontinuity. This discontinuity in the velocity of elastic

wave propagation and the inferred discontinuity in the physical constants
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of the material, have been detected by refraction and reflection seismology.
It may be considered to be the deepest abrubt velocity discontinuity in the
upper 100 km. of the earth. The material below the discontinuity is referred
to as the mantle and is characterized by a velocity of about 8 km/sec. for
.compressional elaétic waves, Measurements of this velocity have been found
to be remarkably consistent in most parts of the earth both for continental
and oceanic areas. It has thus become customary to associate the Mohorovi¥ié
discontinuity with the upper boundary of the layer having this velocity.
Recently velocities less than 8 km/sec. have been observed for some areas.
These areas must be considered anomalous in view of the large amount of data
presently existing which consistently indicate the 8 ﬁm/sec° velocity. The
identification of these lower velocity measurements with the mantle; however,
appears to be indicated. Confirmation by mapping from normal areas into
anomalous ones is required.

The last of these definitions is adopted in this thesis, since the

primary method of measurement is essentially a measure of velocity structure.

1.2 Methods of Investigation of Structure in the Earth's Crust

1.2.,1 Seismie reflection and refraction surveys:

The most direct approach to the determination of structure in the
earth's crust is that of reflection and refraction seismology. Elastic
waves propagated from a disturbance within the crust or at the earth's
surface are recorded with seismograph instruments having the appropriate
frequency response, located at suitable intervals of distance from the
disturbance, Travel times are measured for the various arrivals of wave
energy and time-distance plots made from the reduced data. By an examin-

ation of these plots an attempt is made to associate the various arrivals
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of energy with certain ray paths of the propagation. When this has been done,
statistical methods may be applied to groups of plotted points to obtain
quantitative information as to the structure, including the depth of the
velocity discontinuities and the velocities of propagation of the elastic
waves in the proposed layers. In most investigations interpretation has been
based on refraction rather than reflection data. 1In the past this has been
the safest approach, since for most refraction data, the interpretation may
be based on the first arrivals of seismic energy. That this is not always
the case will be pointed out later. More recently the use of spreads of
detectors, and more detailed observations, have made possible the correlation
of secondary arrivals from one detector to adjacent ones. This has greatly
enhanced the value of results from reflection observations as well as those
of secondary refraction arrivals from intermediate layers, The existence of
refraction and reflection arrivals, and the geometry of ray paths will be
discussed in a later section.

A variety of energy sources has been used, including earthquakes; rock-
bursts commonly found in mining areas, and man-made explosions. Quarry
blasts, underwater explosions and underground nuclear test explosions have
been used. The magnitude of some explosions has made it possible to record
the radiated seismiec energ& well beyond the distances at which refracted rays
from the mantle become first arrivals on the seismograms. An alternative to
this procedure is to use smaller explosions, observed in greater detail at
shorter ranges, and to base the interpretations ﬁartly on secondary arrivals
of refracted and reflected energy. |

Explosions used as energy sources are to be preferred to earthquakes
and other naturally occurring seismic phenomena, in that location, depth of

focus and origin time may all be accurately measured quantities. In addition,
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the precise time of occurrence of the disturbance may be provided through
appropriate commnication systems so that temporary stations may be set up
for a minimum of time and high time resolution may be obtained by running
recorders at high speed for short periods of time,

For the greater part of the investigation reported in this thesis
underwater explosions were used as energy sources, Naval depth charges
which had become obsolete for military purposes were positioned from a ship
as single units and in packages of ten when greater ranges of recordings were
required. The explosive was detonated at sufficient depth that, in almost
all cases, the water cover confined the explosions and ensured efficient

transformation of the energy released by the explosion into seismic energy.

1.2.2 Analysis of surface waves:

A consideration of solutions of the wave equations which apply for an
elastic medium indicates the possibility of the propagation of surface waves.
The application of various boundary conditions results in the prediction of
surface waves of various types. Rayleigh waves may be propagated at a free
surface in a homogeneous medium, in which case there is no wave dispersion.
For a medium with velocity structure, Rayleigh waves are dispersed. The
velocity structure may provide channels for guided waves of various types
predicted by the theory. The dispersion observed for such waves may be
examined from seismograms of earthquakes and used to infer the dimensions
and physical constants of the structure. Extensive use of this method has
been made by many investigators., Briefly, the technique is to compute dis-
persion curves of group and phase velocity for various crustal models and
then to choose the one which best fits the observed data., Rayleigh waves

and Love waves have been used to investigate the continental and oceanic
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crustal’ structure. Other surface waves known as Lg ‘and Rg have been observed
for 'purely continental paths,”' ‘Varicus 'types 'of structure in the crust and
upper maritle ‘hdve been proposéd 'toaccount for the efficient propagation of
theése wiaves. A Bummary 1is'given by Byerly (1956).

The presént' investigation included 'a’ study dI‘Rayleigh waves recorded
at thé'pérmaneht”séismograph‘btatibns"dﬁ“Victoria) Alberni and Horseshoe Bay
from earthquakes in the south-east Pac¢ific,  ‘Because of inadequate inform-
ation related to the constarts of the instruments, an attempt to make
corrections for the phase shifts "in “the ‘Heterogeéneous recording systems was
not successful. ‘' The lack of ‘sucééss was ‘evidenced by the very large scatter
in ‘the phase Velocity-wave period plots., 'The analysis is not reported in
this thesis. It is hoped that with the instrumentation now in operation, a
further ‘attempt may bé made “to “obtain dispersion curves.

SN oY Lhie Aav t

1.2.3 Gravity measureménts: 22°0ibiiity of ..t oy

The analysis of gravity dat'a-doés riot "1¢ad t6 a‘unique crustal structure.
However, if a relation ‘betweeii -the >Velocity <of “propagation of seismic waves
and-the density of the material.through‘whi¢h théy propagate can be estab-
1ished, ‘a quantitative'comparison may be made between the structure determined
by the direct- measurements of refraction’and reflection seismology and the
observed gravity values: Such-a-relation has béen found by Nafe and Drake
(1958) .by a statiSt964l treatment’ 6f-1abofitory~and: in situ measurements of
the physical properties-of various media. ~A curve showing their results is
found in Talwani-(1959)! It‘i§ of ‘¢ourse necessary to set up a standard for
comparison. This has been dorie by ‘Press' (1960) and Woollard (1959). Press
has chosén'a”cruéﬁal’QtFuéturé’fqr Africaj which'dgrees with the observed

Séismié‘ddta;'as“beiﬁﬁetypical“6f~h”cdﬁ£iﬁ§ﬁtalecrust and as one which gives

4
td



-b -

a Bouguer gravity anomaly of -30 mgals., On some basis such as this, one may
proceed to compare structures determined by seismic refraction and reflection
studies with the observed regional gravity anomalies,

If a theory of isostasy is assumed, the crustal structure must provide for
compensation for the variation in load imposed by variations in the regional
land elevation' or ocean depth. Two systems of compensation have been proposed,
the Pratt-Hayfofd isostatic system involving compensation by variations in
density, or the Airy-Heiskanen system involving variations in thickness of
the lower density crustal materials.

In the present study, gravity readings have been obtained for the south
part of the British Columbia coast, as well as along the east coastline of
Vancouver Island and for some east-west profiles on the Island. A few read-

ings obtained by other investigators are included and gratefully acknowledged.

1.2.4 Other methods:
The structure of the earth's crust must also be expected to be reflected
in such measurements as heat flow and variations in the earth's magnetic

field.

1.3 Some General Aspects of Crustal Structure Studies

1.3.1 History of the pioneer refraction studies:
A brief summary of the early refraction studies, and the notation which
has developed, is presented here. Comprehensive accounts are given by
Jeffreys (1959), Byerly (1956), and more recently by Steinhart and Meyer (1961).
The first evidence for structure in the earth's crust was observed by
Mohorovi¥i€ in 1909. Seismograms obtained for an earthquake which occurred

in Croatia on October 8 of that year indicated two compressional wave
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arrivals and two transverse wave arrivals. The P and S,ﬁaves had been pre-
viously identified on seismograms of earthquakes. Mohorovi¥i€ concluded
that the earthquake had occurred in the upper layer of the crust and that
the two P waves represented propagation paths through the upper (granitic)
layer and by refraction through a deeper layer of higher velocity. The
former arrival was named P and the latter P. The corresponding transverse
waves were named S and S, P and S have also been referred to as Pg and Sg,
and P1 and S1° It was found that near the focus of the earthquake only P
and S appeared, that at greater distances P and S were observed and became
first arrivals on the seismograms. P and S are frequently referred to as
Pn and Sn' The velocity discontinuity between the two layers has been named
the Mohoroyi&ié discontiquity.

Gutenberg observed similar features in records of earthquakes occurring

in Burope in 1911 and 1913.

Recordef
Source N BE——
_P-, Pg’ Pl R
Upper (granitic) layer
- Conrad discontinuity
p¥, p
272
Intermediate (basaltic) layer
——> Mohorovi¥ié discontinuity
n

Mantle

Figure 1. Notation for Refracted Rays in a Two Layer Crustal Model.
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Conrad in 1925 and Jeffreys in 1926 found evidence for arrivals from an
intermediate layer. These arrivals were characterized by velocities inter-

mediate between the crustal and subcrustal values. They have been referred

to as Pt and Sﬁ and also as P2 and 52,

The various propagation paths and associated notation are shown in

and the layer as the 'basaltic layer!,

Figure 1. A similar diagram may be drawn for S waves.
Frequently the number subscripts are used with parameters referring

to the sequence of layers beginning with the most surficial (i.e., P

P2, c-o)a

O) PlS

1.3.2 Continental and oceanic crustal structure:

Following the pioneer observations of refraction arrivals from earth-
.quakes, data have been obtained at many locations of the earth from earth-

. .quakes, other naturally occurring seismic disturbances and especially from
explosions. Data have been obtained for both continental and oceanic areas.
The results related to continental crustal structures have been summarized
in detail by Byerly (1956) to the date of publication. Some of the more
recent results will be summarized in a section to follow. Oceanic data have
been obtaineéhmainly by workers from Columbia, Cambridge and California.

A basic difference exists between continental and oceanic crustal structure.
Because of the large variations in the proposed structure for the various con-
tinental areas, it is difficult to describe a typical continental crust. Most
models indicate a crustal thickness of 30-40 km. in low lying continental
areas, consisting of the granitic and intermediate layers, the lower boun-
daries of these layers being referred to as the Conrad and Mohorovi¥ié dis-
continuities. Some doubt has been cast on the existence of the intermediate

layer and as a result, single layered models have been proposed with or without
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:gv{ .
an increase in velocity with depth. The thickness of the continental crust

has been found to increase for mountainous and plateau areas. Thicknesses

of up to 70 km. have been found to fit the ébserved data. A number of crustal
stéﬁctures have been proposed with more than two layers., Velocities for the
grghitic layer vary from about 5.6 to 6.4 km/sec. for compressional waves and
th;se for the intermediate layer from about 6.6 to 7.2 km/sec, Mantle
velocities of 7.5 to 8.4 km/sec. have been observed. Until recently the most
consistent values were between 7.8 and 8.3 km/sec. The oceanic crustal
structure consists typically of 5 km. of water, about 0.5'km. of unconsolidated
sediments and about 1.0 km., of volcanic pr.grad&ﬁic material. Underlying
these layers is the intermediate layer with a typical coméressional wave
velocity of 6.8 km/sec. This layer varies in thickness from about 4 km. or
less to 6 km. The granitic layer as it exists for the continental structure
appears to be missing in oceanic areas. A typical crustal section for an

oceanic area is shown in Figure 2.

Thickness
(km. )
5 Water
0.5 Unconsolidated sediments
1 Volcanic or granitic layer
5 Intermediate layer
Mantle

Figure 2. A Crustal Section Typical of Oceanic Areas.
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1.3.3 The reality of the intermediate layer:

The evidence for the intermediate layer from seis;ic data is in the form
of refracted arrivals., As will be shown later, the refracted arrival from an
intermediate layer may not become a first arrival for any recording distance
from the focus of a disturbance. Thus many of the refraction data for the
intermediate layer have been based on secondary arrival phases. The reading
of such a phase is often made difficult because of the background signal from
an earlier arrival. It is also felt that if the Conrad discontinuity exists,
...8eismic reflections should be observed at suitable recording distances in
addition to the refracted arrivals.

These difficulties have led many workers to doubt the existence of the
intermediate layer and to favor a single layered crust. This view is
expressed, for example, by Press and Ewing (1956). Byerly (1956, page 146)
suggests that the established existence of the layer for oceanic areas also
points to its existence as a separate entity in continental structures.

More recent investigations with improved techniques and more detailed
observations tend to confirm the existence of this layer in many continental
areas, Its thickness, as well as the depth of the Conrad discontinuity varies
over rather wide ranges from area to area. Richards and Walker (1959),
reporting on a survey on the Alberta plains, interpret a strong arrival at
a distance of about 120 km. as being a reflection from the Conrad discontinuity.

Hales and Sachs (1959) have identified secondary arrivals as P, refractions

2
from an intermediate layer in the eastern Transvakl area of South Africa. A
number of other investigators also include the intermediate layer in their
proposed crustal models.

1.3.4 Velocities of compressional waves in the mantle:

It has already been pointed out that most refraction studies have given
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compressional wave velocities of 7.8 to 8.3 km/sec. in the mantle. Recently
somewhat lower velocities have been found for both continental and oceanic
areas. These velocities (e.g., 7.5-7.6 km/sec.) are higher than would be
expected for the intermediate layer, and there is a strong suggestion that
they are associated with the mantle, since in some areas at least, a higher
velocity is not observed. Menard (1961) has pointed out a correlation between
the lower velocity and the proximity of the refraction line to the crest of
the East Pacific Rise.-

Velocities of about 7.6 km/sec. have been found by Press (1960) for
eastern California an& by Berg et al (1960) for the Eastern Basin and Range
Province. Both, however, report arrivals indicating a velocity of about
8.0 km/sec. in a deeper iayer. The upper boundary of the deeper layer is

.placed at about 50 km. for California and 70 km. for the Basin and Range

Province.

1.3.5 Investigations of the earth's continental crustal structure:

No attempt is made in this section to summarize in detail the results
of all of Phe crustal determinations which have been made. Rather, the
results of a few surveys are briefly reviewed for various parts of this
continent and other continental areas of the earth. In a section to follow,
results of surveys carried out in areas adjécent to the area of the present
investigation will be described in slightly greater detail.

Hodgson (1953) has used rockbursts as sources of energy in the Canadian
Shield area of eastern Canada. He has found a single layered crust with
velocities of 6.2 km/sec. above the Mohorovi¥ié and 7.9-8.2 km/sec. below it.

/

The thickness of the crust is 36 km. Katz (1955) has found a similar crustal

model for the New York and Pennsylvania area.
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Willmore (1949) recorded the Heligoland explosion to a distance of 1000 km.
in Europe and from his analysis of the data, proposed a crustal structure
consisting of a single layered crust, having a thickness of 28 km. His struc-
ture does not include an intermediate layer which has been proposed by some
other workers in Europe. |

Hales and Sachs (1959), using earth tremors of the Witwatersrand have
carried out a study in the eastern Transvaal. They have found two possible
structures for the plateau area, including an intermediate layer. They also
conclude that early arrivals of Pn on records obtained in the coastal area
of lower elevation indicated a decrease in the thickness of the crust.

Weizman et al (1957) have reported on surveys carried out from 1949-1955
in various areas of Russia, using methods in which the waves propagating from
explosions were observed in great detail, and continuous correlation of
arrivals was possible. In their report, crustal models for the various areas
are presented. Crustal thicknesses ranged from 30 to 40 km. in 'platform’
areas to more than 70 km. in the high mountain area of Northern Pamir,

The crustal structures proposed in these investigations are summarized

in Figure 3.
(Hodgson) (Willmore) (Hales and (Weizman)
Canadian Europe Sachs) Northern
Shield Area South Africa Pamir Mts,
of E. Canada Russia
Depth
in km. Opf L.L km/sec. 10
. Granitic
‘1 Granitie
| | Granitic 6.03 ‘km/sec, . ]
20 6.2 km/sec. 6.0 km/sec., A Granitic 20
) mediate
6.71 km/sec.
LO } 140
60 | | Mantle ’gagtb‘: Jsec Mantle Inter- 160
7.9 o 8.2 * * 7.96 km/sec. mediate
km/sec, :
80 ' Mantle 80

L .
Figure 3. Crustal Se¢tions for Various Continental Areas of the Earth.
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The greater thicknesses of the continental crust in mountainous areas is
in agreement with the idea of isostasy in that the load due to the elevated
surface features is compensated for by the extension of the lower density
crustal material to greater depths. Woollard (1959) has assembled in one
diagram the measured crustal structures for a section extending from west to
‘east beginning at the eastern Pacific and ending at the Indian Ocean and
including the continents of North America, Europe and Africa. For comparison
he shows also the observed Bouguer gravity anomaly values. This work has
been cited also by Heiskanen and Vening Meinesz (1959) as strong evidence for
the Ai;y-Heiskanen system of isostatic equilibrium., It may be remarked that
the more recent refraction measurements in the Eastern Basin and Range
Province (Berg, 1960) and the Colorado Plateau (Pakiser et al, 1962) have
indicated somewhat greater crustal thicknesses than those shown in Woollard's

diagram.

2, RESULTS OF SOME SURVEYS IN WESTERN NORTH AMERICA

Most of the explosions of the present study were located in the Strait of
Georgia and Johnstone Strait between Vancouver Island and the British Columbia
mainland, along a line paralleling the structure of the physiographic features.
The recording stations were also distributed along the coast. The area inves-
tigated lies at a distance of about 200 km. east of the edge of the continental
shelf, and may be expected to be transitional between oceanic and continental
types of structure, In addition, data have been obtained from the Ripple Rock
explosion in the Strait of Georgia as recorded at stations east through the
mountains, as far as Banff, Alberta.

In this section, the results of a number of surveys carried out in the

western part of this continent are summarized. Two refraction lines at sea,
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near the coast of British Columbia, are also included.

As a:part of a program in which refraction and reflection studies were
carried out in various parts of the United States, Tatel, Adams and Tuve
(1953) and Tatel and Tuve (1955) have conducted a survey in the State of
Washington. Explosions detonated in Puget Sound were recorded along lines
in various directions from the explosion area, to a maximum distance of
290 km. |

Although a relatively large number of observations at what was considered
to be the correct range of distance was obtained, no secondary arrivals which
could be interpreted as critical reflections from the Mohorovi¥i¢ discontin-
uity were detected. This led the authors to suggest that the discontinuity
does not exist in this area, or that it exists in a broken and irregular form.

The early arrival of a group of observations recorded at a range of dis-
tances of 110 to 140 km. to the west of the explosion area led the authors to
postulate that the arrivals are refracted arrivals from the Mohorovi¥if dis-
continuity and that the crust becomes thinner as the edge of the continent is
approached. A crustal thickness of 19 km. is calculated using a velocity of
8.1 km/sec. for Pn'

Neumann (1957) has analysed the data from a large number of seismograms
obtained for earthquakes occurring in the State of Washington and in south-
western British Columbia. Arrival times of compressional waves at stations
of the University of Washington network have been used as well as those for
the western network of the Dominion Observatory. A best fit for the data
has been obtained by adopting a structure with three layers having velocities
for compressional waves of 5.8, 6.4 and 7.0 km/sec. With one exception,
arrivals from earthquakes along the coast as far distant as souﬂhern California

do not indicate propagation with a velocity reaching 8 }&n/sec° These
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”obs?rvations have led Neumann to propose a very great depth to the Mohorovi¥ié
.-discontinuity, or non-existence of the discontinuity in the area of his
.observations.
A reversed profile program was carried out by A. R. Milne (1960) using the

..standard techniques of seismic refraction and reflection investigations at sea.
The area of this survey is located between 135° and 136° W. longitude and at
.about 48° 20' N. latitude, the profiles running approximately east-west.
Crustal sections obtained by treating the profiles independently show a typical
- .oceanic crustal layer having a velocity of abougﬁg.s km/sec. underlain by -
material with typical mantle velocity slightly in excess of 8 kin/sec, The
basaltic layer is from 2.6 to 4.0 km. in thickness and is overlaid by 1.0 to
1.5 km. of sediment and material having a veiocity typical of volcanics or
granitics,

The structure found for the east end of the profile is shown in Figure 4.

Thickness Velocity
(km.) (km/sec.)
4.0 i Water
0.1 T .13
001 3000
1.0’—> './h.95
4.0 ] 6.76

10+
8.17

Figure 4. Structure for North Pacific Ocean Basin (A. R. Milne, 1960).
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Among numerous other profiles, Shor (1962) has obtained a reversed profile
running approximately east-west at the north end of the Queen Charlotte Islands
in Dixon Entrance. This profile is on the continental shelf. Velocities of
about 6.8 km/sec., typical of the oceanic structure, have been well established
by the reversed profiles, with relatively long segments on the travel-time
curves representing first arrivals. Based on secondary arrivals, which he
interprets as possible refractions from the Mohorovi#ié discontinuity, a
thickness of 26 km. has been suggested for the crust. The structure for this

work is shown in Figure 5.

Thickness Velocit
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19.8 6.81
8.49

Figure 5. Structure for Dixon Entrance (Shor, 1962).

The results of earlier surveys carried out by Milne and White (1960) in

the Vancouver Island area were based on records obtainéd for explosions detonated
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~.in.the Strait of Georgia and a second profile of explosions in the Strait of
Juan_de Fuca and for some distance along the west coast of Vancouver Island.
) Thése.eveﬁtp were récorded at the permanent seismograph stations at Vietoria,
Alberni and»Hofseshbé Bay. The results obtained by plotting the time distance
data for all statiéns for each series of explosions indicated crustal
velocities of 6.0 and 6.4 km/sec. for the two profiles. In addition to these
longer range profiles, some very shért range refraction work was done to
measure vélocities at the surface for the various geologicaljstructures out-
cropping in the Vancouver Island area.

Richards and Walker (1959) have carried out a seismic 1nveétigation of
the crust on the plains of Alberta. The profile is 130 km. in length and
parallels the Roéky Mountains. It is 1oca£ed approximately 100 km. to the
east of the foothills. Fifteen prospecting units, using spreads up to 4 km.
in length were stationed at intervals along the profile. The seismic energy
was supplied by explosions.at each end of the profile consisting of about
LOO kilogfams of conventional seismié explosive,

The interpretation is based on first arrivals in granitic or limestone
strata having a velocity of about 6 km/sec. A slight increase in the apparent
velocity aéross ihe :preads at greater distances appears to indicate an |
increase of veiccity with depth in the granitic layer. Two discontinuities
are prop§sed>by.int§rpretation of secondary arrivals. A decrease in apparent
velocity across the spreads with an increase in range indicates that the
,arrivals.afe dué‘to,refléctions.

Real velociﬁieé of about 7.2 km/sec. and 8.2 km/sec. have been obtained
for ﬁhé intermediaﬁe'layer and the mantle, respectivel&. Depths to the
Conrad and Mohorovi¥iZ discontinuities are 29 km. and 43 kﬁ.. These results

are summarized in Figure 6.
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Thickness = - Vélocity
(km.) (¥my/sec;)
2 3.6
1l 6.1
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Conrad discontinuity
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Mohorovi¥i¢ discontinuity .

8.2

Figure 6. Structure for Alberta Plains (Richards and Walker, 1959).

. The ﬁndergrbupd atomic tests conducted at the Nevada Test Site and more
recenplyvnear Qariabad, New Mexico, have provided energy séurcea for a number
of refracﬁion'étudies. Séﬁewhat varying strugturesvhave béen proposed for
areas 1g.U£ah, Nevada, Colorado and‘Californig. These have beeﬁ sumnarized
by Berg (1960) to the date of his publication. |

| From a coﬁposite.plot of.#rrivals.for all events (including two nuclear
eiplosionq and other_lérge quarry explosions) Berg has arrived at the velocity
'model,ahouh ih‘Figute 7 (page l9),v
| Press (1960) has discussed a crustal model for California from the point
of view of‘thé three methods outlined ea:lier. The refﬁaction results are for
records qbtained from high explosive events at Corona and Victorville, and a
number of ﬁuclear events at the Nevada Test Site. The velocity model obtained

is as shown in Figure 8 (page 19).
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Figure 7. AVerage Structure for Area Surrounding. Exp1031ons in Northern
Utah (Berg, '1960) .
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Figuré 8. Structure for California-Nevada Region (Press, 1960).
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More recent results obtained by the United States Geological Survey (Pakiser,
et al, 1962) indicate the following approximate structure for a profile running

north-south in Colorado, about 100 miles east of Denver (Figure 9).

Thickness Velocity
(km.) (km/sec.)
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Figure 9. Structure for Colorado (Pakiser, 1962).
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Figure 10. Stru;ture for the Area North of Carlsbad, New Mexico (Pakiser,
1962).
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A refraction line over a distance range of 70 to 430 km. in a direction
north from the underground nuclear explosion Gnome, near Carlsbad, New Mexico,
was observed by the United States Geological Survey and the Colorado School
of Mines, The structure shown in Figure 10 (page 20), based on these data
has been proposed by Pakiser (1962).

Healey (1962) has found the structure shown in Figure 11 for a refraction

line from Santa Monica to San Francisco.

Santa Mpnica Camp Roberts San Francisco
35 km. 6.1 km/sec. 25 km.
R
8.0 km/sec, 8.2 km/sec.

Figure 11, Structure along the Coast from Santa Monica to San Francisco.

By using the data obtained for this refraction line and additional
reverse data from the Salinas explosion, Berg (1962) has proposed the struc-

ture shown in Figure 12 for the coastal area south of San Francisco.

Salinas San Francisco

-
5.5 km/sec.

6.7 km/sec. 24 km.

7.8 to 8.0 km/sec,

Figure 12. Structure for Coastal Area, Salinas to San Francisco (Berg, 1962).
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Healy (1962) has obtained observations for the area east from San Francisco

to Fallon and Eureka, Nevada. The structure shown in Figure 13 has been

obtained. ’
Central Sierra
San Francisco Valley Nevada Fallon Eureka
25 m. 36 knl. 28 m. 36 }m°
________ . o
\\~ ,/’ ‘~\\

—— e ——

Figure 13. Structure East from San Francisco (Healy, 1962).

Herrin (1962) has mapped P_ velocities for the United States and has
drawn velocity contours, which show a low value of about 7.6 km/sec, in the
area of the Nevada Test Site, with values inereasing radially to about 8 km/sec.
Healy (1962) reports the following significant variations in the velocity
of P for the western United States:
Colorado 8.2 km/sec.
New Mexico 8.0 to 8.2 km/sec.

Northern Basin and Range Province 7.7 km/sec.

Santa Monica-Lake Meade 7.8 km/sec,
Santa Monica-San Francisco 8.0 to 8.2 km/sec.
Sierra Nevada Mountains 7.8 km/sec.

A brief summary such as the preceding serves to indicate the complexity
of the earth's crustal structure in the coastal, mountain, and plateau areas
of western North Ameriga. The need for detailed mapping rather than inter-
polation of structure’between widely spaced areas of known structure is

indicated.



-23 -

3, THE SEISMIC PROGRAM

3.1 General Description

In May 1960 and June 1961, seismic explosion programs were carried out in
the Strait of Georgia and Johnstone Strait areas of British Columbia. The
seismic energy was supplied by 135-kilogram dépﬁh chargeé detonated at a depth
of approximately 150 metres below the surface. The events of the 1960 program
are referred to as shots 1 to 31. The events of the June 1961 program are
referred to as shots A to T. In November 1961 a further program was carried
out to obtain subplementary data. Two 1350-kilogram charges were detonated
electrically and recorded at distances up to 510 km. from the shot points. In
addition ten 135-kilogram charges were detonated separately. The events of
this program are referred to as shots A (Nov.), B (Nov.) and 1 (Nov.,) to 10 (Nov.)

For the 1960 program seismograms were obtained at the permanent seismo-
graph stations at Victoria, Alberni and Horseshoe Bay. Temporary recording
stations were also operated at Scanlon Dam, Hornby Island, Ucluelet, Bloedel
and Kelsey Bay. For the 1961 programs seismograms were obtained at the perm-
anent stations at Victoria and Alberni. Temporary stations were operated at
Campbell River for the June program and at Elk Falls and Kelsey Bay for the
November progrém.

Some of the explosions were also recorded at Longmire;’éféiaﬁion operated
by the University of Washington, and at the Dominion Observatory station at
Penticton,

The locations of the stations and shot, points for the shorter range
refraction work are shown in Figure 14 and for the longer range work in

Figure 15. The coordinates are listed in Table 1 (page 24).
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Table 1. Locatioms of Explosions and Recording Stations

Station or Latitude | Longitude Station or | Latitude | Longitude
Shot, Shot
L4 t ® { L4 t L ?
Victoria 48 31,16 | 123 24.91 25 L9 21.95 | 124 16.80
. Alberni 49 16.23 | 124 49.30 | 26 49 18.12 | 124 02.40
Horseshoe Bay 49 22,65 | 123 16.55 27 49 11,40 | 123 41.30
Penticton 49 19 119 37 28 49 08,00 | 123 35,90
Ucluelet (1) 49 02.9 125 35.90 29 49 00,00 | 123 30.50
(2) 49 04,8 | 125 27.90 | 30 4L8 56,70 | 123 23.15
Kelsey Bay 50 23,82 | 125 57.55 | 31 48 53.40 | 123 15.55
Scanlon Dam 49 47.80 | 124 18.60 A L9 48,15 | 124 51.92
Bloedel 50 06.03 | 125 24.62 B L9 46.07 | 124 48,23
Hornby Island L9 37.60 | 124 27.26 c L9 44,17 | 124 44,50
Campbell River 50 03.37 | 125 24.47 D L9 42,37 | 124 L4O.55
Elk Falls 50 01.89 | 125 21.82 E L9 40,53 | 124 36.65
Kelsey Bay (Nov.)| 50 21.38 | 125 55.28 F 49 38.61 | 124 33.11
Patricia Bay 48 38,94 | 123 28.83 G L9 36.79 | 124 29.02
Seattle 47 39.3 122 18.5 H 49 35.60 | 124 24.58
Longmire 46 45.0 121 48.6 I 49 33,91 | 124 20,31
Mineral 40 20.8 121 36.1 J 49 32.33 | 124 16.40
1 49 37.60 | 124 27.26 K 49 31.45 | 124 14.04
2 49 35.61 | 124 29.70 L 49 32.97 | 124 18,04
3 49 33.02 | 124 32.85 M 49 34,64 | 124 22.34
4 49 32.45 | 124 34.09 N 49 36.21 | 124 26.71
5 49 34.35 | 124 31.62 0 49 37.87 | 124 30.79
6 49 36.35 | 124 28.65 P 49 39,38 | 124 34.75
7 49 41.00 | 124 17.65 Q L9 41.38 | 124 38.60
8 49 43.88 | 124 18.21 R 49 43.19 | 124 42.46
9 50 33.55 | 126 51.35 s L9 45,12 | 124 46.26
10 50 30.20 | 126 31.27 T 49 46.95 | 124 50.32
11 50 28.20 | 126 10.40 A (Nov.) 50 24.47 | 125 58.27
12 50 23,74 | 125 53.00 | B (Nov.) 48 18.6 123 37.7
13 50 20,22 | 125 25,70 1 (Nov.) 50 23.6 125 54.6
u, 50 10,71 | 125 21.62 2 (Nov.) 50 23.4 125 50,0
15 49 57.30 | 125 05.55 3 (Nov.) 50 22,2 125 46.4
16 49 53.61 | 125 00,40 | 4 (Nov.) 50 22.4 125 42.3
17 49 48.92 | 124 54.08 | 5 (Nov.) 50 22,5 | 125 37.3
18 49 43.95 | 124 47.05 | 6 (Nov.) 49 59.6 | 125 12,1
19 49 38.10 | 124 40.90 7 (Nov.) 49 53.8 125 02,7
20 49 33.27 | 124 35.70 g (Nov.) 49 51.1 124, 58,8
21 49 32.20 | 124 32.10 9 (Nov.) L9 48.9 124 55,3
22 49 27.72 | 124 38.47 10 (Nov.) 50 21.4 125 55.3
23 49 25.75 | 124 31,10 Ripple Rock | 50 07.9 125 21.2
24 49 23.82 | 124 23.55
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3.2 Instrumentation and Recording Techniques

The instrumentation for the May 1960 program is summarized in Table 2.

Table 2. Summary of Instrumental Constants
Station Seismometer |Recorder Seismometer | Galvanometer | Paper
Period Period Speed
(sec.) (sec.) (mm/sec )
Victoria Benioff Benioff 1.0 0.2 1.0
Alberni Willmore Sprengnether 1.0 0.03 1.0
Horseshoe Bay | Willmore Sprengnether 1.0 0,25 1.87
Penticton Benioff Benioff 1.0 0.20 1.0
Ucluelet (1) | Willmore Willmore 1.0 0.25 0.89
Ucluelet (2) | Willmore Willmore 1.0 0.25 0.89
Kelsey Bay Willmore Willmore 1.0 0.25 0.89
Scanlon Dam Willmore Electro-tech 0,222 0.005 60.0
and Geophone | ER-101
Spread ;
Bloedel Willmore Heiland 1.0 0.025 9.4
Hornby Island | Willmore Century 1.0 0.06 90.0
and Geophone
Spread

The recording equipment at Victoria consisted of 3 component instruments.

The other stations were equipped with vertical components only.

at Scanlon Dam, Bloedel and Hornby Island all had spreads of detectors.

The stations

The

June 1961 explosions were recorded at the permanent stations at Victoria and

Alberni with the same instrumentation as indicated above, and also at the

temporary station at Campbell River near the John Hart Dam.

This station

was equipped with a spread of geophones recording intc an Electro-Technical

ER-101 recorder mounted in a truck.

The spread was approximately 1050 metres

in length with geophones at intervals of 150 metres. The geophones had a

¢
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natural frequency of 4.5 cycles per second and were critically damped,
Included also were two low impedance Willmore seismometers having a natural
frequency of 1 cycle per second. The outputs were amplified with conven-
tional amplifiers and recorded on channels 1-10 of the photographic paper
recorder. All geophones were located near bedrock. A paper speed of about
75 mm/sec. was used. For the November 1961 program this equipment was
operated at Kelsey Bay. The site did not permit the use of the whole spread
of geophones., The layout for this operation is further described in a later
section. In addition to this station and the permanent stations at Victoria,
Alberni and Penticton, two other temporary stations were operated at Elk
Falls Forestry Lookout and at Patricia Bay. At Elk Falls a short spread of
three Willmore seismometers spaced at 75-metre intervals recorded through low
frequency amplifiers into a Century recorder., The paper speed used was 26,5
mm/sec. The Pacific Naval Laboratory of the Defence Research Board at
Esquimalt operated the instrument at Patricia Bay, which recorded the output
of a hydrophone. Well recorded events were obtained at this station from
the smaller explosions up to a distance of 195 km.

Time control at the recording sites was provided by Times chronometers
in practically all cases. These chronometers are operated by a synchronous
motor which is driven by an electronically generated power supply. The fre-
quency of the power is controlled by a tuned vibrator. At Scanlon Dam a
Mercer self-winding chronometer was used and at Hornby Island a Dent thron-
ometer with 2-second contacts was used. WWV and Dominion Observatory time
signals were used to correct and rate the chronometers. The accuracy of time
control at the temporary stations and on the ship waé sufficient to detect a
delay of a few hundredths of a second in the Dominion Qbservatory time signal

as broadcast from the Canadian Broadcasting Corporation station in Vancouver,
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The delay is presumably introduced by the transmission system between Eastern
&anada and the West Coast.

Shot times were recorded on the ship on a two-channel tape recorder. A
Times chronometer was used to trigger pulses at intervals of one second and
these were recorded on one channel of the tape recorder. WWV signals were
recorded with the chronometer pulses almost continuously throughout the program.
The shock from the explosion was detected by a microphone fastened to the hull
of the ship and recorded on the other channel of the tape recorder. For the
1960 program communication was carried on between the ship and those record-
ing stations which used high paper speeds by means of a 60-watt shortwave
transmitter on the ship. Communication provided the recorder operator with
a warning signal at an appropriate time for switching on the recording equip-
ment. In some cases the communication was intermittent. For the June 1961
program, in addition to the shortwave equipment, communication was maintained
between the ship and the Elk Falls Forestry Lookout near Campbell River
through British Columbia Telephone lines. The ship's radio was used to patch
into the telephone circuit. The communication link to the seismic truck was
completed by V.H.F. Pye transmitter-receiver sel{s located at the truck site
and at the Forestry Lookout. The telephone lines were again used, supplem-
ented by an f-m telephone unit on the ship for the November 1961 program to
provide communication from the ship to the stations at Elk Falls and Kelsey
Bay. From all areas in which the ship operated it was possible to work into
one of the telephone company's coastal stations with the fe-m unit installed
on the ship. Telephones were installed conveniently in the Elk Falls Lookout
and the seismic truck at Kelsey Bay and connected to local lines of the
Campbell River exchange. The only difficulty with transmission was experienced
in the case of shot B (Nov.) as a result oflglevated topography between the

ship and the telephone land station.
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Shot times for the two large explosions of the November 1961 program
were obtained in two ways. The shock wave detected by the hull microphone
was recorded with time reference signals on a two-channel tape recorder. Also
a gating circuit was triggered by the current in the detonator circuit. This
turned on an audio tone for a dur:a tion of about one second, and this was
transmitted from the launch from which the charge was detonated to the ship,
where it was recorded by a second tape recorder with the same time reference
signals.

Some of the tape recordings were played back into a two-channel brush
recorder and others, into the Century photographic paper recorder. Examples
of the visual records of shot times are shown in Figure 19.

Navigation was carried out by members of the crews of the CNAV Laymore
and CNAV Whitethroat. Bearings were taken at the time the charges were
dropped into the water, on land makks which were well defined on the Hydro-
graphic Survey Charts. The ship's gyro was used to obtain the reference
direction. For shots 1 to 6 of the 1960 program some extra control on the
shot positions was obtained by readings taken with land-based theodolites on

Lasqueti and Hornby Islands.

3.3 Reduction of Data

Origin times (defined as the times of arrival of the shock waves at the
bottom below the charges) were obtained by making appropriate corrections to
the recorded shock instants. The pressure detonating mechanism on the depth
charges was set to trigger at a depth of about 150 metres. In some cases the
depth setting varied from this figure, but a record was kept of the actual
setting. A rate of descent of the depth charge in the water was assumed to
be 3 m/sec. An average speed of the ship was calculated. The depth of water

under each charge was obtained with sufficient accuracy from the soundings
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marked on a Hydrographic Survey chart, published by the Federal Department

of Mines and Technical Surveys. For the explosions of the 1960 program, depth
» 8oundings were supplied by the shipfs echo sounder. The two large charges of
" the November 1961 program, shots A (Nov.) and B (Nov.), were detonated on the

bottom in water depths of 194 m. and 102 m., respectively.

The data for obtaining the origin times of the explosions are shown in
Tables 3 (page 30) and 4 (page 31).

Coordinates were obtained for the temporary stations by plotting the
positions on 1:50,000 scale topographic maps. Distances between shot points
and stations were calculated using the Richter short distance formula (1943).

Arrivals of seismic energy were read for all stations at which events
were recorded. . Drift curves were drawn up for each chronometer based on the
rgcorded standard radio signals. Cor?ections to each arrival time were then
made by referring to the drift curves. In many cases it was possible to
record WWV signals on the ship and at the land-based stations, through the

recording time of the explosion,

3.4 Accuracy of Measurements

The error in the origin time is due to the following uncertainties in
the data used in its calculation.
(l) The correction to the time of arrival of the shock at the ship for travel
time in the water is calculated on the basis of an average velocity of the
shock or sound wave in the water. The sinking rate of the depth charge was
taken as 3 m/sec. with a depth setting of 150 metres, approximately, giving
a delay of about 50 seconds., A figure of 364 m, (1200 ft.) with an uncertainty
of about 30 m. (100 ft.) was taken as the distance from the ship to the charge
at the time of detonation. The effect of the uncertainties in distance and

velocity is shown by the relation
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Explosions of the June 1961 Program

Reduction of Recorded Shock Time at the Ship to O-Time for

Recorded Correction for Depth of | Correction for 0-Time
Shock Instant [Filter in Play- Water T.T. to Bottom (Pacific
back Circuit Daylight
(+.05 sec.) and Time)
Travel Time to
Ship (-.25 sec.) | (metres) (sec.)
A [1105 09.97 1105 09.77 218 + .05 1105 09.82
B | 1121 59.20 1121 59.00 290 .10 1121 59.10
c | 1138 25.00 1138 24.80 326 12 1138 24.92
D | 1152 40.18 1152 39.98 302 .10 1152 40.08
E | 1209 39.67 1209 39.47 326 .12 1209 39.59
F | 1227 06.92 1227 06,72 272 .08 1227 06,80
G | 1245 38.40 1245 38,20 290 .10 1245 38.30
H [1303 o08.18 1303 02,98 326 .12 1308 03.10
I {1320 31.69 1320 31.49 218 .05 1320 31.54
J | 1337 13.29 1337 13.09 326 .12 1337 13.21
K {1415 41.42 1415 40.22 326 .12 1415 L41.34
L {1429 51.66 1429 51.46 326 .12 1429 51.58
M | lhh44  21.09 Lihl, 20,89 290 .10 skl 20.99
N | Not recorded
0 [1514 40.86 1514 40.66 290 .10 1514 40.76
P 1528 O4.14 1528 03.94 272 .08 1528 O04.02
Q | 1544 31.24 1544, 31.07 272 .08 1544 31.12
R | 1556 01.68 1556 01.48 326 .12 1556 01.60
S |1611 O4.74 1611  Ok.54 326 012 1611 O4.b66
T | 1625 38.94 1625 38.74 208 -OL 1625 38,78
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Table 4. Reduction of Recorded Shock Time at the Ship to O0-Time for Explosions
of the November 1961 Program

Shot Corrected Correction Correction O-Time (Pacifie
Detonation Time for Travel for Travel Standard Time)
Time to Time to
Bottom Ship
(sec.) (sec.)
1 (va.) No shot time. +0 - .17
2 (Nov.) |0750 16.19 0 .15 0750 16.04
3 (Nov.) [0810 01,56 .01 .18 0810 01.39
4 (Nov.) [0830 04.61 .03 .18 0830 OL.46
5 (Nov.) [0850 06.80 .07 .18 0850 06,69
6 (Nov.) (1329 29.80 0 .12 1329 29.68
7 (Nov.) |1410 07.78 .02 o2 1410 07.56
8 (Nov.) |1429 59.65 - Ol o 2L 1429 59.45
9 (Noy.) 1450 09.86 0 .23 1450 09.63
10 (Nov.) (1510 11.89 .03 .17 1510 11.75
A (Nov.)® {1729 59.30 1729 59.30
B (Nov.)X |1044 59.68 1044 59.68

tThese times were obtained from the pulse triggered by the detonating circuit.

st -

D, §v
+
t v

quo

to be abéut .02 sec. where a variation of one per cent is allowed in sound
wave velocity.

(2) The depth of water as interpolated from the Hydrographic Survey Charts
has an uncertainty\of 45 m., introducing an uncertainty of 0.03 sec. into
the correction! for travel time from charge to bottom. In the case of shots

Q to M, the uncertainty may be as large as 90 m.
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These and other uncertainties are summarized in Table 5.

- D
3

Table 5, Uncertainties in Time Distance Data

Corr, due | Corr. for |Measure- | Combined |Reading | Posi- | Prob~
to travel | filter ment correc- errors | tion | able
time in delay errors tion to on error
water on absolute |[seismo-
(sec.) brush time grams
- record-
ing
High Paper
Speed
Recorders
with
Spreads .05 .01 .05 Ol .05 .02 .10
Continuous
Operating
Recorders .05 .01 .05 .10 02 .02 .23

Positions were obtained from bearings taken on land markers. This work
was done by experienced navigators who had become accustomed to accﬁrate
positioning in laying mines. The bearings were taken relative to the ship's
gyroscope. Assuming an accuracy of better than 0,5° in the bearings, it is

reasonable that the uncertainty in position is limited to 0.1 km.

3.5 Additional Data

On April 5, 1958, about 1.5 kilotons of high explosive were detonated
in a single explosion in Seymour Narrows in order to remove the twin pinnacles
of Ripple Rock which had in the past presented a navigational hazard. The
Dominion Observatory operated a number of seismograph stations temporarily
at points traversing the mountains as far east as Banff. Other stations were
operated in the Calgary area by a number of oil pgospecting crews, A station

was operated by the University of Alberta, near Edmonton. The explosion was
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also recorded by permanent seismograph stations at Spokane, Longmire, Seattle
and Mineral. Data from the recordings of this explosion have also been
included in this thesis,

Data from a few explosions recorded during depth charge programs carried
out in October of 1957 and July of 1959 are also included. The 1957 program

has been described in a previous publication (Milne and White, 1960).

3.6 Seismograms

. Examples of seismograms are shown in Figures 16 to 19. Most of the inter-
pretation has been based on first arrival phases. A few secondary arrivals
which were considered to be well defined were used on the long range time-

distance plots.

3.7 Amplitudes of Recorded Energy

A quantitative analysis of the relation of trace amplitudes and maximum
distances of recording to size of explosion, amplitude of background noise,
depth of detonation and other factors has not been made in this thesis. How-
ever, a brief discussion is in order. The observations will be useful in
setting up future programs.

The two large charges, A (Nov.) and B (Nov.), were detonated in order
to obtain records for distances beyond the point where Pn becomes a first
arrival. The greatest distance for which these charges were recorded was
from shot A (Nov.) to Longmire (510 km.). The amplitude of the disturbance
on this seismogram is small, but differs in frequency from the background
noise so that the onset may be recognized with some certainty. Stations
along the coast record a rather high level of microseismic background during
the winter months. This reduces the signal to noise ratio for these stations.

The frequency of the recorded seismic energy is, however, considerably higher
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than the frequency characteristic of the microseismic background. This is
best illustrated in the Victoria record of shot A shown in Figure 17b, A
precise time of arrival may be read for the initial disturbance on the
seismograme

It is of interest that a first arrival at Victoria has been recorded for
shot 12, a shot which was detonated at approximately the same distance from
Victoria as shot A (Nove) but contained only 1/10 the amount of explosive.
That the first arrival of energy has been chosen is indicated by the good
correspondence of the travel times of these two explosions. The amplitude
for shot 12 is very small. A considerably higher signal to noise ratio has
been obtained at Penticton for shot B (Nov.), as compared with that for shot
A (Nov.) as recorded at Victoria. The distance is slightly greater (315 km.)
than for the shot A-Victoria distance (280 km.). A comparison of the ampli-
tudes recorded for shots A (Nov.) and B (Nove) at Alberni may be made by
referring to the seismograms shown in Figure 1l6a and b It will be noted
that the overall amplitude for shot A is somewal greaters The weight of
explosive used in each case is the same and shot A is at a slightly greater
distance from the recording station. It should be noted that shot A was
detonated. on the bottom in 194 m. of water as compared with 102 m. for shot B,
Other factors which may account for the variations are the bottom conditions,
and the possible existence of major discontinuities in the surficial structure
in the propagation path of the seismic energy.

. An. examination of the seismograms for other events indicates an overall
amplitude variation from one explosion to another. A cursory analysis would
indicate that the variation is observed at all stations and is a result of
the conditions local to the charge and not, for example, a function of the

azimuth of the recording station.
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The necessity for finding a 'quiet' site was emphasized by an examination
of the seismograms obtained at Kelséy Bay during the November 1961 program,
The spread of detectors was laid out on the alluvium at the mouth of the
Salmon River. This uncompacted sediment had the effect of transmitting with
rather large amplitude the ground noise set up by logging operations and
electrical generating equipment, even though the site was located at what was
expected to have been a safe distance from the latter. Local industrial noise
of this nature gives rise to background of about the same frequency as the
seismic energy radiating from the explosions and makes precise reading of
onsets difficult.

It would appear that the 1350 kilogram charges supply sufficient seismic
energy to carry out refraction studies to distances where Pn is a first
arrival, provided that quiet sites are chosen for recording. This condition

is better realized for stations located some distance away from the coast.

3.8 Shorter Range Refraction Data for the 1960 and 1961 Programs

In this section the layout of the shot points and recording stations is
described for each profile of the shorter rangs data. In the two following
sections a similar description is given for the Ripple Rock data and for the
longer range data obtained for the 1960 and 1961 programs. The time-distance
data are presented in tabular form together with the plots, and the least
squares equations for the various segments of the time-distance relations.
General features of the travel time curves are observed. Discussion and
interpretation of the time-distance plots in the form of suggested structures
follow in section 3.12.

The data are presented for the various profiles which are suggested by
the geographical locations of the shot points and stations. In most cases

the profiles consist of a spread of shots recorded at a single station. In
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a few cases the profile is for a single shot recorded on a spread of stations.
The observations have been treated in a manner conventional in seismic
refraction studies, Time-distance plots have been made and the various seg-

ments treated by least squares to obtain equations of the form

Ja}
= + -
t Ty v
where t = travel time in sec,
TO = gero distance intercept on the time axis in sec,

A = distance between shot and recording station in km.
v = velocity in km/sec. for the refracting layer being considered,
The following assumptions are inherent in this approach.
(1) Thé layers of the crustal model are assumed to have plane, but not necess-
arily horizontal, boundaries.
(2) The velocity in each layer is constant.
(3) The travel time is not affected by the interchange of a shot and a record-

ing station.

3.8.1 Profile I:

The time-distance data used for profile I, and consisting of events
recorded at Campbell River and at Elk Falls Forestry Lookout, are shown in
Tables 6 (page 37) and 7 (page 38). Since these two stations differ only
slightly in location and are underlain by the same geological structure it was
considered justifiable to plot the data for both on the same plot. The loca-
tions for shots 6 (Nov.) to 10 (Nov.) were laid out to fill in the short range
part of the profile.

The data are plotted in Figure 20, The arrival times for this profile
with the exception of shot 6 appear to fall along two lines with a discontin-
uity between shots P and F. This suggests a discontinuity in the structupe

such as a buried fault with vertical displacement, the high side underlying
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shot P. Events C and R show late arrivals which may be due to deep deposits
of low velocity sediment below the shot positions. A shot located between
6 (Nov.) and 7 (Nov.) had to be omitted due to local marine traffic. Shot
6 (Nov.) shows some evidence of a layer having a typical granitic velocity

underlying the lower velocity Cretaceous sediments.

Table 6. Time-Distance Data for Elk Falls used for Profile I

Shot t (sec.) A (km.)
6 (Nov.) 2,32 12,41
7 (Nov.) 4.80 26.29
8 (Nov.) 5.96 34,01
9 (Nov.) 7.00 39.88
10 (Nov.) 8.32 49.78

It may be noted that these shots were détonated in two stages, during
the June 1961 program. Ten were dropped while the ship made a traverse in
one direction and the second group of ten were dropped at staggered positions
on the return traverse., This procedure gave the ship's crew more time for
handling the explosives and it is also felt that errors in timing and position
would tend to cancel out since each event is independent of the errors in the
immediately preceding and following event.

A summary of the time-distance relations, in the form of least squares
equations is given in Table 8 (page 39) for each profile. The uncertainties

are probable errors.
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Table 7. Time-Distance Data for Campbell River used for Profile I

Shot t (sec.) A (km.)
A 8.02 48.10
B 8.85 53.95
c 9.85 59,64
p¥ Not recorded™ 65.45
E 11.37 71.25
F 12,54 76.79
G 13,22 82.76
H 14.02 88,38
I 14.91 94.37
J 15.60 99.91
K 16.20 103.21
L 15,31 97.64
M 14.48 91.60
N® Not recorded® 85.63
0 12.84 79.87
P 11.74 74.36
Q 10.89 68.43
R 10.31 62.71
S 9,18 56,90
T 8.4l 50.97

ﬁThe recorder was not operating at the correct time due to a breakdown in
the communications at the time of shot D and in the case of shot N, to an
unusual delay in the detonating mechanism associated with the depth charge.




Table 8., Least Squares Equations Representing Time-Distance Relations

Profile

Uncompacted
Sediments

Cretaceous
Sediments

Granitic or
Volcanic

Intermediate

Mantle

I (Campbell

River, Elk
Falls)

II (Alberni)

III (Elk Falls)

=1,10% .21

A
M TRE 0

=1.48 % .15
A
M A Y

= .70 % .10
A
M-I BT

=2,51%9
+ A
7.19 %3

= ,38 % .56

-65_



Table 8 (Continued)

Profile Uncompacted Cretaceous Granitic or Intermediate Mantle
Sediments Sediments Volcanic
IV (Kelsey Bay) rt = 10 + 22— = .60 + 2
- * 5‘.41 * 6.70
V (Kelsey Bay) t= 158 o X7
A
VI (Hornby t=.05%.04 = .95 +
Island) . A 6.67
VII (Scanlon = .56 £ .86
Dam) + A
6.45 £ 1,00
VIII (Victoria) = 1,55 % .49
A
+
6.76 £ .13
= ,92 % 3,11
A
Y3t
IX (Ucluelet) =1,13 * ,60

A
* 2% E 30

-017,.



Table 8 (Continued)

Profile Uncompacted Cretaceous Granitic or Intermediate Mantle
Sediments Sediments Volcanic
X (Kelsey Bay t= .02 .49
1960) + A
7022 023
XI (Horseshoe t =169 .41
Bay) + A
XII (Ripple = 4,81 % .64
Rock) + A
7.66 £ .0
= 6,01 1.3
A
M ATE BT
= 2,00 2.49
A
Y38 .06
XIII (Ripple t=.,11% .53 =7.93 .19
Rock) + A + A
6.60 £ .10 7.75 £ .02
XIv t=.97% .28 09.5 + T

A
tEgTE L0

..-[+,‘..



Table 8 (Continued)

Profile

Uncompacted
Sediments

Granitic or
Volcanic

Cretaceous
Sediments

Intermediate

Mantle

Xvl

XVII

Composite Plot

o+
il

)
.

W
—
(o
L]

N
o

ct
|

o
.

o
(W)
H+
.

W
(@]

t =7.172 2.5
A
M A SE L

-817-
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3.8.2 Prpnh I1s

The time-distance Pboerv'gtiqna for profile II, consisting of events
recorded at Al’bomi, are listea in Table 9. It will‘b‘e not;egl by réference
to Figure li that although the ube;-Ai station is not collinear with the line
of shots, this pmfil; is an 'approximé.tibn to a reversal of profile E. The
pxl'oﬁ.le i.ncig.tdoa the Ripple Rock event which has also been incIuded in the
lmt.llq\m'-u l‘.dggtipn of the data. ‘It also :I.ncl\icies shots A (Nov.) and
1 (Nov.) to,S‘ (Nov.) which ar‘.' shown in the distance range 135 to 151 km on
the plot of ‘the data shown in Figﬁ;'o 21, These grrivals’ are late and have
been treated separately to obtain a least squares segment of the travel time

cum .

Table 9. Time-Distance Data for Profile II as Recorded at Alberni
m e —_— ]

Shot t (sec.) A (km.)
o 5.7 35.25
3 6.3 36.94
20 6.1 35.61
21 5.9 35.19
P Tl 4,6.37
Q 7.8 4,8.38
D 7.9 49.59
c 8.2 52,11
S 8.4 53.68
B 8.6 55.33
T 9.1 56.96
A 9.4 59,18
16 11.0 70.57
15 12,1 78,61
ReR. 15.7 103.10
A (rm.; 23.75 151.11
1 (Nov. 22,61 147.40
2 (llov.; 22.52 4,21
3 (Nov. 22.49 140,14
4 (Nov. 21.59 138.13
5 (Nov. 21.19 135.65
6 (Nov. 13.29 84.95
7 (Rov.; , 11.17 71.54
8 (Nov, 10.40 65.34
9 (Nov,) © 9.32 59,07
10 (Nov.) 8.40 53.00




3.8.3. Profile III:

The time-distance data for profile III are shown in Table 10. The data

are for shots A (Nov.) and 2 (Nov.) to 5 (Nov.) as recorded at Elk Falls,

Table 10. Time-Distance Data for Profile III, Events Recorded at Elk Falls

Shot t (sec.) A (km.)
A (Nov.) 9.74 60.03
1 (Nov.) 8.7 56.24
2 (Nov.) 8.19 52,26
3 (Nov.) 7.69 . 47,68
4 (Nov.) 7.21 45.16
5 (Nov.) 6.91 42,42

The plot for this profile is shown in Figure 22, The points do not

fit the line obtained for profile I.
3.8.4 Profile IV:

‘The data for profile IV were obtained from records at Kelsey Bay of
shots 2 (Nov.) to 5 (Nov.). The plot is interpreted as having two segments
with two points on each segment. It is shown in Figure 23 and the data are
shown iq Table 11. A third low velocity segment taken from profile V has

been drawn in.
3.8.5. Profile V:

Profile V (Figure 24) is for a short range refraction shot. It was

obtained by detonating a small charge (about one kilégram) of nitrone in
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several metres of water at one end of the geophone line and recording the
explq;ion across the spread of geophones laid out at kelsey Bay (Nov.). The
purpose of the profile is to obtain the velocity in the sediments at the
mouth of the Salmon River, on which this station was located. The observed

data*are shown in Table 12.

Table 11. Data for Profile IV, Events Recorded at Kelsey Bay

Shot t (sec.). A (km.)
2 (Nov.) 1.45 7.29
3 (Nov.) 2.07 10.64
4 (Nov.) 2.91 15.44
5 (Nov.) 3.80 21,42

Table 12, Data for Profile V, for Explosion Detonated near the South End
of the Geophone Line at Kelsey Bay

Geophorie t (sec.) A (km.)
Number
1 .000 0,000
2 .033 0,061
L .138 0.247
5 .206 0.348
6 .282 0.456
7 3bd 0,556
8 4,00 0.625
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Onsets for shots A (Nov.) (A = 6.70 km.) and 2 (Nov.) recorded at station
Kelsey Bay were sharp and velocities were read across the geophone spread for
these two events. An apparent velocity of 5.85 km/sec. was obtained for
shot 2 (Nov.). The apparent velocity obtained for shot A was very high, as
a ré®ult of refraction from the high velocity rock of the wall of the river
valley. The geophone line was orientated at an angle of approximately 30°

with the valley wall.

3.8.6 Profile VI:
The time-distance data for profile VI, events recorded on Hornby Island,
are shown in Table 13. Hornby is the only station located on the @retaceous

sediments.

Table 13. Time-Distance Data for Profile VI, Events. Recorded at Hornby Island

Shot t (sec.) A (km,)
3 1.1 Loh2
A 0.6 2.60
15 9.8 59.12
19 2.9 13.09
20 0.7 2.75
21 1.2 L.76

The plotted points shown in Figure 25 appear to fall along two lines
intersecting at a distance of 8.03 km. The low velocity segment is asébci-
ated with the low velocity sediments of Cretaceous age, There is no indi-
cation of a layer having velocity of the order of 6 km/sec. above the layer
having velocity 6.67 km/éec. The data, however, are sparse, and the refrac-

tion from a thin layer between the Cretaceous layer and the higher velocity
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layer would not become a first arrival.

3.8.7 Profile VII:
The data for records from Scanlon Dam used in the plot for profile VII

are shown in Table l4.

Table 14, Time-Distance Data for Profile VII, Events Recorded at Scanlon Dam

Shot t (sec.) A (km.)
17 7.2 42,61
18 6.0 34.92
19 5.8 32.29
20 5.5 33.89

A plot of the data is shown in Figure 26. The uncertainties are very

large.

3.8.8 Profiles VIII to XI:

The data obtained at a number of stations at greater distances from shots
detonated in the same area are also presented. The data for Victoria,
Patricia Bay, Ucluelet, Kelsey Bay and Horseshoe Bay are shown in Tables 15
to 19.

The time-distance data for Patricia Bay for events 6 (Nov.) to 10 (Nov.)
are combined with those for Victoria for profile VIII (Figure 27) and were
also used in thelleast squares determination. Included also, but not used
in the least squares, are Ripple Rock, shot 12 and shot A (Nov.), observed
travel times to Victoria. Patricia Bay and Victoria are located on the same
geological formation. The points plotted as solid circles are probably all

located on Oretaceous sediments. The open circles at the short distances
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represent charges detonated on the Fraser River deposits. Ripple Rock, 12,
and A (Nov.) plotted at distances greater than 230 km. were all detonated

close to a competent basement rock.

Table 15. Time-Distance Data for Profile VIII, Events Recorded at Victoria

Shot t (P) t (Lg) A
(sec.) (sec.). (km, )
3 22.4 40.5 41,43
4 22,7 141.49
20 22.7 39.7 143.85
P 2h .4 152,39
Q 25.3 158,06
D 25.4 160.91
C 25.8 166,39
S 26.1 47.8 169,07
B 26.3 171.88
T 27.1 50.4 174.71
A 27.8 51.6 177.63
15 31.5 56.1 201.03
17 28,6 181,66
1-18: 29.4 186.36
1-19 30,8 196,58
6 (Nov.) 32,52 209,22
7 (Nov.) 30,44 19%.04
8 (Nov.) 28,76 187.00
9 (Nov.) 27.78 181.14
10 (Nov.) 27.72 171.42

tShots from the explosion program of October 25, 1957 (Milne, 1960).

Table 16. Time-Distance Data for Profile VIII, Events Recorded at Patricia Bay

Shot, t (P) t (Lg) A
(sec.) (sec.) (km.)
6 (Nov.) 30.5 545 194.97
7 (NOVO) 2805 LP7.8 179056
8 (Nov.) 27.5 48.3 172,66
9 (Nov.) 26.3 L5.4 166,79
10 (Nov.) 25.1 157.05
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1g arrivals are included of events for which they were well defined.

The data for both Ucluelet stations are plotted together for profile IX
(Figure 28). The location of the shotpoints tend to lie along a line at
right angles to the line joining them tsvihe stations.

The Ripple chk arrival time is plotted with the Horseshoe Bay data on

profile XI (Figure 36) but is not included in the least squares.

Table 17. Time-Distance Data for Profile IX, Events Recorded at Ucluelet
Stations (1) and (2)

Shot t (sec.). A (km.)
20 (2) 13.5 82.33
19 (2) 1.0 83.93
18 (2) .5 87.78
20 (1) 15,0 92.15
4 (1) 15.7 92.82
19 (1) 15.5 93.23
3 (1) 15.8 94,0k
21 (1) 15.2 9450
18 (1) 15.8 96.33
17 (1) 16.1 99.14
16 (1) 16.6 103.30
15 (1) 17.6 107,27

The number in brackets identifies the two Ucluelet stations.

Table 18, Time-Distance Data for Profile X, Events Recorded at Kelsey Bay

Shot t (sec.) A (km;)'
15 10,93 79.06
16 1.71 88.16
17 14,08 99.56
18 15.73 111.97
19 17.65 124.77
20 18,54 135.49
21 . 19.10 139.99
13 L.50 38.36
L 7.37 49,11
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however that this chronometer had a low drift rate and that the velocity
across the spread of shots is reasonably reliable but that the zero distance

time intercept has little meaning. The time-distance plot is shown in

Figure 29.
15 r 15
- @® Shots 15, 16, 17, 19 T
k
Correction
(+ sec.) .
10 R
i i i i 2 1 " 'l
12 18 24 06 12
Pacific Standard Time
May 18, 1960 May 19

Figure 31, Drift Curve for Horseshoe Bay Chronometer

3.9 Ripple Rock Data

3.9.1 Profile XII:and Profile XIII:

Temporary stations were operated eastward from the Ripple Rock explosion,
through the Rocky Mountains at the geographical locations listed in Table 20
(ppge 52). The datg from this program were kindly supplied by Dr. P. L.
Willmore who coordigated the seismic program of the Dominion Observatory at

the time of the Ripple Rock explosion.
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Table 20, Time-Distance Data for Profile XII for Ripple Rock Recorded at
Stations East through the Mountains

Station t (P) t (Lg) A

(sec.) (sec.) (km..)
Cache Creek 43.8 86.5 296.1
Deadman 47.4 87.7 336.8:
Cherry Creek 50.0 96.1 345.8
Knutsford 53.3 102.2 362.0
Chase 56.7 111.6 401.2
Revelstoke 71.8 143.2 514.8
Glacier 79.6 155.6 568.3
McMurdo 85.3 172.1 617.8
Banff 96.3 702.3
Edmonton 252.2 896.3

No adjustment has been made to travel times for height above sea level.
Events A (Nov.) and B (Nov.) as recorded at Penticton are shown on this plot,
but not included in the least squares calculation (Figure 32).

Data for stations along the Coast south-east from Ripple Rock are shown
in Table 21. The data are plotted in Figure 33 for profile XIII.

Nl e

Table 21, Time-Distance Data for Profile XIII, Ripple Rock Recorded at
Stations South East along the Coast

Station t (sec.) A (km.)
Alberni 15.69 103.10
Horseshoe Bay 26.29 171.52
Victoria 34.5 228.1
Brother's Island 35.9 235.5
Bellingham 39.8 259.6
.Seattle 54 358.2
Longmire 67.0 458.5
‘Mineral 153.1 1126.6
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The Ripple Rock explosion was recorded at two of the University of
Washington stations at Seattle and longmire, and at Bellingham, Washington.
It was also recorded at a University of California station at Mineral. The
data from these stations are included in the plot. The seismogram of this

event recorded at Mineral is shown in Figure 1l7c,

3.10 Longer Range Data

The data presented in this section are for the larger explosions which

were capable of recording at distances for which Pn becomes a first arrival,

i.e., Shot A (Nov.), B (Nov.), Ripple Rock and Constance Bank.
3.10.1 Profiles XIV to XVII:

The data for the longer range profiles are shown in Table 22 (Page 54).
The plots for the four profiles are shown in Figure 34. The data for profile
XIII are aléo replotted. In plotting these observations it has been assumed
that the interchange of a shot point and a station does not affect the travel
time between them. Profile XIV is obtained from records of Shot A (Nov.)
along a spread of stations running southeast on Vancouver Island and the
Puget Sound area as far south as Longmire near Mt. ﬁainier. A well-defined
secondary P arrival has been read for Victoria. Data for profile XV are for
events recorded at Loﬁgmire. The line representing the relation t = 3%33
has been drawn in by assuming zero intercept, and using the time-distance
data for shot B (Nov.) recorded at Longmire as a point on the line. The
open circles plotted on this profile represent data for shots 28, 29, 30
and 31 detonated on the low velocity sediments associated with the depositions
of the Fraser River. They have not been included in the least squares analysis.

Their position on the plot suggests that if properly corrected for sediments,

they would lie on the t = 3533 line rather than the t = 7.17 + 7935 line.
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Time-Distance Data for Longer Range Profiles

Profile XIV

Shot A - Recorded at Stations Southeast to Longmire

Station t (sec.) A (km.)
Elk Falls 9.7 60.03
Alberni 23.75 151,11
Victoria 42,56 U6 280,1
Longmire 3.4 509:7
Profile XV
Events Recorded at Longmire

Shot t (sec.). A (km.)
B (Nov.) 33.2 35.9 220.97
28 . 45.3 296

29 46,0 280.4
30 41.7 271.1
31 40.8 261.5
Ripple Rock 67,0 458.5
A (Nov.) 3.4 509.7

Profile XVI

Shot B (Nov.) Recorded at Stations Northwest to Elk
Falls; Ripple Rock and Shot A Recorded at Victoria

Station or t (sec.) A (km.)
Shot ‘
Victoria L.34 28.29
Patricia Bay 6.2 39.13
Alberni 21.34 138.89
Elk Falls 34.52 229.50
Ripple Rock 34.5 228.1
A (Nov.) 280.1
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Table 22. Time-Distance Data for Longer Range Profiles (Cont.).

Profile XVII

Constance Bank Recprded at Stations Northwest to
Ripple Rock Camp '

Station | t (sec.). A (km.)
Victoria 4,18 19.93
Albethy 24,28 150.86
Ripple Rock

., Camp 38.31 247.3

Profile XVI represents the data from stations recording Shot B to the
north-west as far as Elk Falls, as well as events A (Nov.) and Ripple Rock
recorded at Victoria. The assumption regarding interchange of shot point
and recording site has also been made here in plotting the data for both
spreads of shots and spreads of recording stations. The justification for
plotting data for Victoria and shot B on the same plot is indicated by the
good correspondence between travel times of Ripple Rock to Victoria and Shot B
to Elk Falis.’

Profile XVII represents data obtained from the explosion at Constance
Bank as recorded at stations to the north-west as far as Ripple Rock Camp.

The good correspondence of the velocities obtained for this profile with that
of profile XVI is indicated. The discrepancy in the intercepts indicates
either the presence of low velocity material below the Constance Bank explosion
or the possibility of an error in the shot instant obtained. The latter possi-
‘bility is favoured, since no geological evidence for a low velocity layer of
the required depth is indicated. The shot instant was obtained by recording
the explosion with a hydrophone at a location several kilometres from the

shot point and correcting for the delay on the basis of an assumed velocity.
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3.11 Methods of Interpretation

The existence of a refraction arrival has been treated theoretically by
a number of authors. Ewing, Jardetzky and Press (1957) have shown that for
an explosive source and a receiver on the lower velocity side of a discontin-
uity between two semi-infinite media in contact there is an arrival at a time,
t = VL- + (z + h) ggﬁ:,
1

The parameters of this equation are illustrated in Figure 35,

\ Receiver

e - - - ———

 {
<
[,

Figure 35. Refraction from an Interface betwsen Two Semi-Infinite Media
where vy £ Ve

where vy and v, are the compressional wave velocities in the two media and
v

vy <‘ ALY and where 6c is the critical angle such that sin 6c = -‘% This is
the expected time of arrival for a wave propagated over the path shown by the
broken line.

This result has been obtained for the case of two liquids in contact.
The theory of refracted arrivals has also been developed by these authors for
the case of two solid media in contact.

The interpretation of the refraction data obtained in the present inves-

tigation is based on the following geometri:cal considerations, where the seismic

energy radiating from the explosive source is considered in terms of ray paths.



- 57 -

The diagram of Figure 36 represents the case of refraction from a layer

of velocity v,, underlying a layer of veloéity v,, where vj_< v The layers

2° I’ 2°
are separated by a plane interface, dipping from the horizontal at an angLeﬁ.
A and B are shot point and recording station, and are interchangeable. Ha
and Hb are taken as the thicknesses of the layer below points A and B. 6c

is the critical angle defined by the relation,

Figure 36. Refracted Rays in a Dipping Structure with Plane Interface.

The following relation gives the travel time from A to B or B to A,

_ (H, + H,) cos 6c . A cos' ¢ (3-11-1)
"1 V2

t

For the case of horizontal layering where ¢ = O the relation reduces to

= 2H cos €c
"1

A
V2

t +

(3-11-2)

Conventional procedure is to plot the observed data and obtain by a

least squares analysis an equation relating t and A in the same form as 3-11-2:

t =T +—A_
(¢] V.

2
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for the direct and refracted arrivals, vy being the inverse of the slope of

the line obtained for refracted arrivals.
Thus from the value of To obtained from the observational data, together

with the velocities v, and v,, the debth of the layer is determined.

1 2’
The following relation may also be shown to hold

A Vo, - V.11
12} "2 1l =
H=-5-%5%—wx2 (3_]]_3)
+
2 v2 vl
where A12 is the distance at which the direct and refracted arrivals arrive

at the same time,

For the general case of a structure with m - 1 layers it may be shown

that
m-1 cos ecnm A
t =2 T H ——+— (3-11-4)
m “n=1 n An Vm

where tm is the travel time of the ray refracted in the mth layern Hn is the

thickness of the nth layer, enm is the critical angle, such that,

8in 6 =
nm
h

N

Vs Yy are the velocities in the nt and mt'h iayers respectively.
This follows directly if the geometry of Figure 37 is considered, and it

is shown that 6 = 6¢c_ .
n nm

S
=

"

I

o | 5]
B

N
=

v
m n=m

Figure 37. Geometry of Refracted Ray in Multi-Layered Structure.
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The first arrival data for the multi-layered case may be expected to
define m segments of the travel time curve. This assumption will hold only
for the cases where an appropriate relation exists between the thicknesses
and velocities of the layers; e.g., in a case where m = 2, first arrivals
of energy refracted in the §econd layer will only be observed when the
thickness of this layer exceeds a certain value, Leet (1938) has shown the
criterion (after Maillet and Bazerdue) for determining the minimum thickness

for refracted first arrivals from an intermediate layer. A quantity Y is

formed,
‘- cos 0;, - cos 615 + sin(e,, - 913)
sin 6,, cos 623 (1 - sin 912)

where sin 913 = gin 912 sin 623° .

2
i t
Then the line for v, passes above the point A13, 13 if h__( Y.

1

The geometrical relationships have been derived for the case of dipping
interfaces (Leet - pages 138, 139), and these will be cited in interpreting

the observed data.

3.12 Interpretation and Discussion of the Refraction Data

The Strait of Georgia is underlain by sediments of Cretaceous age through-
out most of the area where explosions have been located. These sediments
consist mainly of sandstones, shales and loosely cemented conglomerate. The
formation outcrops on Vancouver Island and on the adjacent islands in the
Strait of Georgia. Small patches of the outerop are also found on Lasqueti
and Texada Islands.

Hornby Island was the only recording station located on the €retaceous
formation. The other stations in the Vancouver Island area were located on

outcrops of granitic or volcanic rock, with the exception of Kelsey Bay (Nov.)
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This station was located on the alluvium at the mouth of the Salmon River.
The shot points A (Nov.), B (Nov.), 1 to 5 (Nov.), Ripple Rock and Constance
Bank were also located on volcanic or granitic type formations.

Short range refraction surveys indicate the average velocity of com-
pressional waves for the Cretaceous formation to be 4.05 km/sec. Velocities
of 5.4 to 6.0 km/sec, have been found for the more competent volcanic and
granitic formations (Milne and White, 1960).

Figure 38 shows the form of model which represents the results of the

refraction data, along a line from Kelsey Bay to Victoria.

Ripple Rock
Kelsey B. Campbell R. Hornby Shot 31  Victoria

Cretaceous Sediments v = L km/sec.

Granitic and Volcanic Strata v = 5.4 - 6,0 km/sec.,
Intermediate v =26.7 - 7.0 km/sec.
Mantle v = 7.7 km/sec,

Figure 38, Form of Model Representing Structure from Kelsey Bay to Victoria.

Reference to Table 8 (page 39) indicates that most of the refraction
arrivals are from the intermediate layer with apparent velocities varying

from 6.6 to 7.0 km/sec., except for two extreme values of 6.5 and 7.2 km/sec.
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for profiles VII and X. The data for the shorter ranges which give the struc-
ture of the Cretaceous and volcanic layers are rather sparse, Data for which
Pn is a first arrival have been obtained by extending the line of observations

into the coastal area of the State of Washington and Northern California.

3.12.1 Results for the Strait of Georgia Area:

Profile VI is an uﬁreversed profile for which the recording station
(Hornby Island) and the six shot points are located on the Cretaceous form-
ation. The thickness of the Cretaceous structure, found from the data of
Figure 25 by the relation expressed in equation (3-11-3), is 2.33 % .43 km.
The uncertainty has been found by placing reasonable limits on the accuracy
of travel time measurements for shots 15 and 19 and using the probable errors
of the low velocity segment of the travel time curve derived from least
squares. On the basis of thé few daté obtained, there is no evidence for
first arrival energy from a layer with a velocity near 6 km/sec. The lack
of evidence may be due to the absence of zvents at the appropriate range of
distances, or it may be due to the fact that the second layer is not
sufficiently thick to give rise to first arrivals. If we assume the following

numerical values,

vy = 3.81 km/sec,
v, = 6.00 km/sec,
vy = 6,70 km/sec.

and refer to Leet's curve to obtain a value for Y, we obtain a minimum ratio

for h2 1

If a segment representing the 6 km/sec. layer is proposed which would

¢h. of about 0.3.

give the greatest thickness of the layer, with first arrivals starting at

Ay, = 7.16 km. and ending at A23 = 13,09 km. we obtain the results
: Hl = 1,69 km.

H

5 1.06 km,
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The total thitkness of the two layers is 2,75 km. as compared with 2.33
km. obtained by assuming a sihglg layer‘casé. It appears that further observ-
ations in th? range ‘below 13,09 km. could reveal the presence of a 6 km/sec,
layer. The maximum thickness of this layer is 1.06 km. The alternative

structures for the area of préfile VI are shown in Figure 39.

Thickness Vel. Thickness Vel.
(km.) (km/sec.) (km. ) (km/sec.)

1.69 Cretaceous 3.81
2.33 | Cretaceous 3.81

Granitic
1.06 or Volcanic 6

Intermeéiate 6.67 Intermediate |6.67

Figure 39. Alternative Structure of Upper Crustal Layers for Profile VI.

The only direct evidence for a 6 km/sec, basement layer overlying the
6.8 km/sec. material is shown by profile I, the plot for event 6 (Nov.) falls
below the ;elocity curve 1,10 + gféza The calculated travel time for the
direct ray, propagated near the surface, first in the Cretaceous sed@ments
and then in the volcanic strata near Elk Falls, is 3.10 sec. The propagation
path includes 10.41 km. of Cretaceous and 2.00 km. of volcanics. The observed
travel time is somewhat less (2.32 sec.). It is thus ipdicated that the plot
for 6 (Nov.) is on a velocity line characteristic of the higher velocity
volcanic rock. Unfortunately a shot planned for the interval between 6 (Nov.)
and 7 (Nov.) had to be cancelled.

The discontinuity between the time-distance segments for profile 1
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between events P and F is indicative of a fault structure with the vertical
displacement being up on the side represented by shot P. The same effect may
be the result of a rapid increase in the thickness of the Cretaceous strata
along the profile between these two events. In either case the displacement
of about 0.3 sec. in the time-distance curve requires a change of path length
of the seismic energy in the Cretaceous strata of about 1 km,

The variation in travel time for shots C and R is in excess of the
expected errors of measurement and probably indicates thicker deposits of
d?etaceous or lower velocity materials under these events.

The apparent velocities obtained for the two seémants of this profile
agree, within the uncertainties as shown in Table 8.

Tﬂe same series of shots, as far along profile I as shot P has been
plottéé for Alberni in Figure 21. The data for Ripple Rock and some other
explosions are also included. The apparent yelocity obtained is 6.85 km/sec.
Profile II forms an approximate reversal to profile I.

The calculation of the angle of dip of interfaces which would give rise
to the apparent velocities of profiles I and II is somewhat complicated by
the fact that two layers may be overlying the intermediate velocity layer.
The geometry and related formulas for a three-layer case, where the two

»interfaces are dipping in opposite directions, are given by Leet (1938).

The ambiguity in the interpretation of the data presented here is that no
apparent velocity has been obtained for a layer between the low velocity
Léretaceous sediments and the layer having velocity near 7 km/sec. If a con-
stant thickness of Cretaceous sedgments underlying the area of the explosions
used for profile II and the shortér range segment of profile I is assumed,

an angle of dip may be computed for the interface between a 6 km/sec, layer

and the 6.9 km/sec. layer.
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We have that

N1 N
sin (612 + ¢2) = =— and sin (6, - ¢2) ==
2- 2+
where v, = 6 lm/sec.
v, = 6.85 km/sec.
Vor = 6.94 km/sec.
where 6, = sin”t Y1 and g, = angle of dip.

V2
The angle of dip obtained is 42 minutes toward the Elk Falls end of the spread

of shots. The real velocity v,

If profile VIII for the data obtained at Victoria is used as a reversal

is found to be 6.90 km/sec.

of profile I, the dip is 1 degree 19 minutes and a real velocity of 6.86
km/sec. is obtained. These results are subject to the uncertainties associated

with the apparent velocities obtained for the profiles.
3.12.2 Results for the Kelsey Bay and Johnstone Strait Areas:

The data for the area near Kelsey Bay and east in Johnstone Strait are
presented in Figures 23 and 24 for profile IV and V. From a consideration
of profile IV, a calculated thickness for the alluvium and volganic strata
may be obtained. The equations for the three segments are:

A
Y1 " T.58

t, = 0,10 +

L
2 5.41

A
‘b3 0.60 + .70
The average thicknesses obtained are 0.08 km. (280 ft.) of alluvium and
1.5 km. of volcanic strata. The thickness of the alluvium may be greater

under the recording station since rather high velocity tidal currents occur

in the area of the shot points. That this is the case is indicated in that
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for the data of profile V, no break is observed in the arrival times within
a distance of 0.6 km. The data for this profile were obtained for a short
range refraction measurement on the alluvium at the site of the recording
truck. ‘

If shot A is plotted on profile IV (A = 6.70 km.), it is late by 0.23
sec, This indicates a variation in the thickness of river deposited silt of
about- 0.4 km. (1320 ft.) if a velocity of 1.58 km/sec. is used. An error in
position for shot A could also account for the late arrival at the Kelsey Bay
recorder. In any case it is to be noted that the origin time and location
for shot A are well controlled for use on the longer range profiles,

An examination of the time-distance plots for profiles II and III
reveals a change in structure between the Ripple Rock - Campbell River area
and the Kelsey Bay - Johnstone Strait area. The arrivals of shots A (Nov.)
and 1 (Nov.) to 5 (Nov.), shown in the upper right hand corner of Figure 21,
are late by about 1 sec, relative to the velocity line fitting the other data
at shorter ranges. This requires a somewhat greater depth to the upper bound-
ary of the intermediate layer than that obtained from the results of profile
IV. The existence of a layer of 5.6 km/sec. strata about 10 km. in thickness
in the Kelsey Bay area would explain the delay of the arrivals for profile II.
Direct arrivals (propagated in the 5.6 km/sec. strata) at Elk Falls from the

~same group of shots, however, would be later for such a structure than the
observaltions shown in Figure 22 would indicate. An increase in the velocity
of the upper layer to about 6 km/sec. and an increase in the thickness of the
layer at Kelsey Bay could explain the results from both profiles II and III.
The proposed structure is shown in Figure 4O (page 66).
A low velocity plug in the Kelsey Bay - Alberni path of propagation

but not in the Kelsey Bay - Elk Falls path would also introduce
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the observed effect. The early arrivals on profile III would then be due to

the absence of the Cretaceous formation in the Kelsey Bay area.

Elk Falls Kelsey Bay
6.2 m‘ v - 6 m/sec.
10 + (?) km.

Figure 40. Proposed Structure for Elk Falls - Kelsey Bay Area.

Profile X for shots recorded at Kelsey Bay during the 1960 program do
not contribuf% to a definition of the structuqf in the Kelsey Bay area since
the time~intercept is not known with any degree of precision aqd most of the
évéﬁ?é;régorded are south of Campbell River. The high apparent velocity
oﬁpained may be attributed to a small drift rate forche éhronometer as the
program proceeded. A Qréft of 0.2 sec. in the four hours during which the

program was in progress would raise the apparent velocity from 7.0 km/sec. to

the observed value (7.2 km/sec.).

3.12.3 Estimated thickness of granitic and volcanic strata:

The least squares equations obtained for profiles VII, VIII, IX, X and
XI tend to strengthen the evidence for the intermediate layer with a relatively
thin layer of surficial strata above it. If the second structure for profile
VI is assumed and used as a starting point, the thickness of the strata above
the intermediate layer may be computed for the various other profiles. This
has been done for profiles I, II, VIII and XI. The velocity in the surficial

layer at Alberni and Elk Falls - Campbell River has been taken as 5.6 km/sec.,
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an average velocity for volcanic strata as obtained by Milne and White (1960).
The velocity at Victoria and Horseshoe Bay has been taken as 6.0 km/sec.
where the surface bedrock is granitic in character. 1In making these calcula-
tions, the angle of dip has been neglected. The resulting structure at each
station 1s shown in Figure 4l.

Thickness Velocity  Thick. Vel. Thick. Vel. Thickness Velocity
* (km. ) W-) 2.3 [Volcanic | 5.6
6.2 | Volcanic5.6

13.1 Granitic |6.0

lh.SMGranitic 6
Strata

6.9 6.9

6.8 6.8

Horseshoe Bay Victoria Campbell R. Alberni
- Pat Bay Elk Falls

Figure 41. Estimated Thicknesses of Volcanic or Granitic Layer.

It must be pointed out that the thicknesses of these surficial strata
depend on the velocities chosen for them and also on the structural column
obtained for profile VI for the shot point area. The latter is based on a
small number of observations. An increase in thickness of the surficial
layers in the shot point area of the Strait of Georgia would result in a
decrease in the computed thicknesses of the strata above the intermediate
layer for the structuresin Figure 41.

It has been assumed that the velocity across the spread of shots is also
the velocity between the spread of shots and the recording stations. That
this is a good appr&ximation is shown by the velocities obtained for the

longer range profiles.
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3.12.4 Results of the longer range data:

. These data are plotted in Figures 32, 33 and 34. The interpretation is
based mainly on first arfiﬁal P“phéées.' Two well-défined secondary phases
(designated by spiid squares on the time-disiance plots) are used. The events
designated by open cireles are nbﬁ'iﬁcludéd in the least squares analysis.

‘The least squares equation for the first segment of the data for profile
XIII along the.céast souﬁh-east from the Ripple Rock explosion indicates a
velocity of 6.60 ﬁq/éeé. with a small intercept. This is in agreement with
the velocitiqs obtained for the shorter range profiles, This lower velocity
line represents the arrivals to a distance of 340 km. The higher velocity
segment of this profife is based on the data from three recording stations:
Seattle, Longmire and Mineral. The veloéity of 7.75 km/sec. obtained is con-
siderably lower than ghe value 8 km/seg. commonly found for the upper mantle.
No records of the éxplosion are available in the distance interval between
tongmire énd Mineral. The first detectable arrival of energy for the Mineral
vrecord does not indicate-refraction from a higher velocity layer. The arrival
read is well defined and time control is good. It is of course possible that
an earlier weak arfival is‘not detected. The seismogram for this reading is
shown in Figure 17. |

The structure determined from this unreversed profile is shown in Figure
42 (page 69). The thin layer inferred by the small intercept has been
:omitted.

The five profiles of Figure 34 display all of the longer range data
along the coast for explosions A:(Nov.), B (Nov.), Ripple Rock and Constance
Bank. ‘FQ“P smaller explosions (28 to 31) as recorded at Longmire are also
included. Two reversed profiles are obtained by treating'the data as explained

in 3.10. Profiles XIV and XV represent a reversal for the area between



- 69 -

shot A (Nov,) and Longmire. .These may be compared with profile XIII which
is for essentially the same area, except that it is extended to Mineral and
the north-west end of the‘profile is displaced from the location of shot A,
a distance of about 50 km, to the Ripple Rock location., Profiles XVI and
‘XVII form reversals for both XITI and XIV from Victoria and shot B, .The
arrivals shown for profiles XVI and XVII do not appear to indicate a trans-
ition to a higher velocity segment in the distance represented (280 km.)
This resuit is not inconsistent with the three other longer range profiles

‘for which the cross-over distance is at approximately 350 km.,

Ripple Rock Mineral

v = 6,60 km/sec. 48,1 km.

v.= 7.75 km/sec.
- Figure 42. Crustal Structure Determined from Data for Profile XIII.

The daﬁa represented by the open circle‘plots for events 28 to 31 were
not used in the least équares solution for profile XV. The events are for
arrivals read at Longmire. . The lateness of their arrival with respect ta the
low velocity segment may be the result of the low velocity sediments under-
lying the area of these explosions. = The apparent velocity represented is an
indication that the arrivals read are possibiy secondary ones, and are associ-
ated with the higher velocity segment. Including these arrivals in the least
squareg'wogld lower the velocity (7.68 km/sec.) slightly.

Tﬁ§“§rrivaivtime_for the underground nuclear explosion Blanca, at the
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Nevada Test Site, as recorded at viéébri; (4 = 1390 km.) is shown on profile
XIII. It is late by approximately 3 seconds relative to the velocity line
t=7.93+ 7%%3. It is possible that the first arrival of seismic energy
has not been detected, In this regard Romney (1959) has observed that P
dgcreased to very small amplitudes at distances beyond about 1000 km. and is
not often detected as the first arrival, a later phase being picked. An
examination of Romney's published seismograms indicates that the Pn arrival
is missing at a distance of about 1200 km. and is again present at about
1400 km. :The:distarice from Ripple Rock to Mineral is 1127 km, and from
Blanca to Victoria is 1390 km., ’

.The crﬁstal model computed for the reversed profiles XIV and XV is shown

in Figure 43.

Shot A (Nov.). - Longmire
T13.2 k. -
[ 5.6 km/sec.
3909 }gna
v = 6,68 km/sec,
51.1 lm. '
.

v = 7.83 km/sec.

Figure L3. . Crustal Structure Determined from the Reversed Profiles XIV and XV.
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It is to be observed that the high velocity segment of profile XIV is
based on only two observations, one of which is a secondary arrival° The
velocity obtained is con81derably higher than that for profile_XIII, Also,
the'loW‘velocity segment of ﬁrofile‘XV has been obtained from:onelobserv-
ation and the assumption of zero time intercept The form of the 5. 6 km/sec.
layer is subject to the validity of this assumption: The average thickness
of the 6 7 km/sec. layer is consistent w1th the results obtained from the |
other profiles of Figures h2 and Lk ..

The dipping lower boundary of the 6 7 km/sec. layer is a result of the
high apparent velocity (7 97 km/sec ) observed for profile XIv.

The crustal model computed from the results for the composite plot of

long range data (Flgure h5) is shown in Figure Ah

N

13;26 @, v = 5.6 km/sec.

49.1 km, : v =6.66 km/sec..

v ="7,76 km/sec,

Figure 44, Crustal Structure Determined from Composite Plot of Longer
Range. Data.;
A velocity of 5.61km/sec. hasfbeen chosen to represent the average-velocity
of the thin{surfaceflayer. This is based on measurements made on basement

typeurockslin.the Vancouver Island area.
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3.12.%5. Ripple Rock - east data:

| The data for Ripple Rock recorded at stations east through the mountains,
as plotted in Figure 32 indicate an apparent velocity of 7 66 km/sec, No

‘ observations have been obtained for distances smaller than about 300 km,.A
There is thus no first arrival data for arrivals in the upper crustal layers.
A depth of 30 6 km to the upper interface of the layer haVing velocity 7.66
'km/eec. is obtained if the velocity for the short range data along the coast
is used No arrivals may be interpreted as refractions from an 8.2 km/sec.
layer, if the 7 66 km/sec. velocity is accepted as a real velocity° The
absence of refracted arrivals from an 8 2 km/sec. layer may be due to the
fact that Banff is not at a great enough distance from the explOSion to make
the refraction a first arrival This infers a thickness exceeding 55 km. for
the 7 66 km/sec. layer.‘ A second poSSibility is that sufficient energy is
not refracted through the 7. 66 km/sec. layer to record as a refraction from
an 8 km/sec. layer. The third and most preferred pOSSibility is that the ;
‘7 66 km/sec. layer is the mantle. - A | | - J
3 12.6’ Lg waves:

A later arriVing phase (deSignated by the solid triangles on the time—
distance plots) has been read in cases where it is well defined These A
arrivals have been plotted for profiles II, VIII XI and XII, The‘zero dis-
tance time intercept is small for each profile. Except for profile XI, the
velocity is about 3.6 km/sec., even for the longer ranges represented in
profile XII. The arrivals have been identified as the Lg‘phase which is
propagated over paths of continental crustal structure. The'yeloCity is
higher than 3. 5 km/sec.nreported by other investigators for this wave.

,(Ewing Jardetzky and Press, 1957, page 219)
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4. THE GRAVITY SURVEY

4.1 General Description of Program

The gravity survey was carried out in two parts. A network of base
stations was first established at the locations shown in Figure 46. This
part of the survey was carried out dhriﬁg the month of December 1960 by Mr.
A. K. Goodacre of the Gravity Division of the Dominion Observatory. The
author accompanied Mr., Goodacre for the greater part of this operation and
readings were taken on two Worden grévimeters. This proce@ﬁ;e afforded an
opportunity to check the performance of the gravimeters and to arrive at a
revised calibration constant for the Worden No. 35 instrument used on the
subsequent part of the survey. The base station readings wefie referred to
absolute datum by including the pendulum station at the University of British
Columbia in the network.

During the month of January 1961, detailed readings at intervals of
about 10 km. were obtained. These readings were taken on Vancouver Island
along the highway between Victoria and Kelsey Bay. Some observations were
also obtained along two east-west lines from Victoria to River Jordan and
from Duncan to the west end of Cowichan Lake. In May 1961 the observations
were extended from Port Alberni to Ucluelet and Tofino. These gravity stations

are shown in Pigure A46.

L.2 Instrumentation

The observations used in establishing the base network of stations were
obtained with a Worden No. 546 gravimeter with a temperature control unit
incorporated. This instrument had a calibration constant of .39881 mgal/

division, It had recently been calibrated by taking readings for a
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network of statlons in Eastern Canada for which gravity values had been estab-
lished During a part of the program for the establishing of a base network,
readings were also taken on the Worden No. 35 It thus aeemed advisable to
calibrate the WOrden No. 35 against the Wbrden No. 546. A callbration constant
of 0.&16‘mgal/div. was sbtained fer the Worden No. 35.

Elevations for alﬁoshlall of-the basehstations ware obtaineq from geodetic
-bench marks. A pair of'altimeters was used‘to obtain elevations for most of

" the detail stations.

4.3 Procedures Used in the Survey

A 'base looping' procedure was followed in obtaining readings for the
base network. In extending the observation of the gravity value from station
A to station B, readings were taken in the order A B A B, It was then poss-
ible to construct two drift curves for the instrument and to obtain an estimate
of the uncertainty of the readings. 1In almost all cases the uncertainty was
not greater than 0.1 scale divisions. If a deviation from the mean of more
than 10,2 occurred, the loop was repeated., The distance between base stations
varied from 40 to 70 km. and it was thus possible to keep the delay between
readings £o0 within about an hour., The total time for carrying out one looping
operation was three to four hours., A typical drift curve for the Worden No.
35 is shown in Figure 47 (page 75). Loops were done by aircraft from the
Vancouver International Airport to the Victoria International Airport, from
Vancouver to Powell River, from Campbell River to Vancouver and from Vancouver
to Comox. Also loops were made from the airperts to stations which were part
of the land based survey. It was then possible to form circuits from the
data for most of the base station network. Closure errors are shown in Figure

L8 (page 75) together with the reading differences between the stations of



- 75 -

the base network,

667.0 /

Campbell R, Campbell R.

546.0

AR = 121.2 % .1

545.0
(Scale /

div.) . Comox , : . Comox . )

1700 1800 1900 2000 2100 2200

Pacific Standard Time (Dec.l0, 1960)
Figure 47. Typical Drift Curve for the Worden No. 35.

Campbell R.

.8°
(Airport) o]

Vancouver
(Airport)

(Reading differences
(Airport) in scale divisions)

72.7

Victoria

Figure 48, Closure Errors in Base Looping Circuits.
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Detail readings were made with the Worden No. 35 gravimeter at intervals
of about 10 km. between base stations. The base stations were included in
the observations and drift curves were drawn up for the instrument by convert-
ing back from the gravity differences at base stations to instrumental reading
differences using the calibration constant k = 0,416 mgal/div. There was no
check on irregularities in the instrumental drift between the base stations.
In the case of the observations made from Victoria to River Jordan, Duncan to
Cowichan Lake, and Port Alberni to Ucluelet and Tofino, readings were taken at
the base station at the beginning and end of the observations. Drift curves
were drawn from these readings. For the Port Alberni to Ucluelet and Tofino
profile, observations were taken at six intermediate points both on the out-
ward traverse and the return traverse. An average drift curve was drawn from

these observations.

L.,k Elevations and Positions

Elevations for most of the base network stations were obtained from
bench marks placed by the Geodetic Survey of Canada. Por stations located
at air terminals, elevations were obtained from the Department of Transport.
The elevation for the pendulum station at the University of British Columbia
wag obtained by correcting the elevation given by the University Department
of Buildings and Grounds to geodetic datum, a correction of -93 feet.

Elevations for almost all of the detail stations were obtained by the
use of a pair of altimeters. Drift curves were drawn for the altimeters by
taking readings at all bench marks. Temperature and humidity observations
were made at each station and corrections applied to altimeter readings.
Coordinates were obtained from 1:50,000 scale maps compiled by the Surveys

and Mapping Branch of the Department of Mines and Technical Surveys.
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4.5 Reductions

The gravity values obtained at each station were used to obtain the
values of the Bouguer anomaly. This was done by applying the Bouguér correc-
tion to the observed gravity values and comparing the reduced value with'the

gravity value given by the International Gravity Formula:
. 2 (2
vy = YE(l + B 8in“ ¢ + & sin” 2¢) (4-5-1)

where g = 978.0490, the gravity value at the equator, in gal..
B = 0.0052884
e = 0000059
¢ is the latitude.
The Bouguer reduction consists of a correction to the observed value
f;r the effect of elevation above sea level of the observing station and the
effect of the attraction of the mass of material between the observing point
and sea level on the vertical component of gravity. If the mass is considered
to be ?n thg form of an infinite plate, its effect may be shown to be
z = 2mkph (4=5-2)

vwhere z = vertical component of the attraction

k = gravitational constant
, P = density of material
h = thickness of plate (i.e., elevation above sea level)
The second part of the correction is that due to the effect of height
of the observing point above sea level, the free air correction. It is given
by the following relation

=5 3h
gf—zih(l»q§§;+....) (14-5-3)

where g, = average gravity value in gal

Ro = average radius of curvature of the earth in cm.
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Making the substitution

R

k=g ¥ where M = mass of the earth

in (4-5-1) it follows that the Bouguer correction has the form

g 3P
=22h(1-+1- (4=5-4)
| ) Loy
wherele= mean density of the earth and the second term of the free air
correction has been neglected. For the reduction made on this data the values
P=2,67 gm/cm,.3 and Pm ™ 5.576 gm./cm.3 were used. The correction then takes

the form
gy = 0.1978 h where h is in m,

No terrain correction has been made to the data. In this connection it may
be noted that no extreme variations in topography occur near most of the

stations, and it is assumed that the correction is small. The total Bouguer
correction in many cases is only a few mgal, The greatest elevation of the

survey is 310 m, The data and reductions are presented in Tables 23 and 24.

Table 23. Locations and Gravity Data for Stations of the Base Network

Station B.M., | Latitude | Longitude |Elev- | Observed | Bouguer | Calcu- B&@@er
No. ation | Gravity Corr. | lated Anom-
( (m.) Gravity | aly
(mgal.)
L) o
Vancouver® 49 16.0|123 15.0 | 87 | 980.9370 |+17.4 | 981.0132| -58.8
Victoria |776J |48 25.2}|123 22,1 | 10.1| 980.9756 2.0 | 980.9375( +40.1
Duncan 7625 |48 46.7 A23 42.4 | 15.0] 980.9700 2.8 | 980.9696| + 3.2
Nanaimo 7725 |49 10.0| 123 56,1 | 16.3 | 980.9974 3.2 | 981.,0044 1 - 3.
Qualicum |809J |49 21.0| 124 26.8 | 52.4 | 980.9961 10.3 | 981.0202| -13.
Port
Alberni 49 14.51 124 48.3 38.11 981.0037 5.6 981.0110| - 1.
Comox 831J |49 40.5] 124 56.2 | 36.3] 981.0278 7.2 | 981.0498 | -14.
Campbell :
River 8,343 |50 02,0|125 15,0 2.71981.0782 .6 |981.0815| - 2,7
Kelsey
Bay 50 22,8126 57.5 5 981.1030 .9 | 981.1124 | - 8.5
Vancouver
Airport 49 10.7 123 10.0 3 980,9316 .6 | 981.0057 | -73.5
Victoria
Airport 48 38.8 | 123 25.3 | 16.5 | 980.9463 3.3 | 980.9578| - 8.2
Powell R.
Airport L9 L9 124 30 119.5 | 981.0063 23.6 | 981.0623 | -32.5
X U.B.C. Physics Bldg. - Pendulum Station.
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Table 2. Locations and Gravity Data for the Detail Stations (Cont.)
Station Name Latitude | Longitude | Elev- | Observed |Bwuguer | Calcu- Bouguer
ation| Gravity Corr. lated Anom-
(m.) Gravity |aly
(Campbell River) Kelsey Bay Leg
Kelsey Bay 1 50 07,2125 231 | 21 |9si.0852 | 4.7 | 9s1.0s88{+ 1.1
2 50 10,0125 27.9 | 264 | 981.0457 52,2 981.0932 |+ 4.7
3 50 15.3|125 39.7 | 112 | 981.0739 22.1 981.1008 | - 4.8
4 50 18.3| 125 53.8 20 | 981.0986 4,0 981.1054 |- 2.8
5 50 23.8]125 57.6 9 | 981.1074 1.8 981.1137 | - 4.5
6 50 16,5125 49.8 66 | 981.0765 13.0 981.1027 | -13.2
SDuncanz Lake Cowichan
Lake Cowichan 1| 48 46.6 (123 49.8 | 140 | 980.9517 27.7 980.9696 |+ 9.8
2| 48 49.7|124 03.0| 175 | 980.9511 34,6 980.9739 |+11.8
3| 48 49.2]|124 10,6} 175 | 980.9517 34.5 980.9732 | +13.0
L | 48 53 124 22 181 | 980.9536 35.8 980.9788 |+10.6
5| 48 55.0[123 29,5 [ 192 | 980.9509 38.0 980.9819 |+ 7.0
sPort Alberni! Tofino Leg
Ucluelet L8 56,8125 31.9 0 | 980.9846 o) 980.9847 {- 0.1
Tofino 49 09.1(125 56.3 0 | 981.0037 0 981.0028 |+ 0.9

Note - The station in parenthesis is the base station at the beginning of each

leg.

4.6 Density Measurements

The one following is the station at the end of the leg.

Representative rock samples were collected for various locations in the

area of the survey.

Density measurements were made on these samples.

The

density measurements and locations are given in Table 25 (page 80) and are

also shown in Figure 49,

4.7 Precision of Measurements

A statistical treatment has not been applied to these data in order to

obtain precision indices.

However, some estimate of the accuracy of the

2
/Jl‘v



50°

49°

123°

VANCOUVER

ISLAND

VANCOUVER

o

i [
N\ ©
.
VICTORIA

50°

49°

h

126°

125°

124°

123¢

SPECIFIC GRAVITY MEASUREMENTS OF SURFACE ROCKS

FIGURE 49



|
- 80 -

ey

Table 25, Data for Collected Rock Samples

Sample No. Latitude Longitude Densitg

) (gm/cm.>)
° ° ! ,

1 50 05' 125 19' 2,94

2 49 19 124 16 2.64

3 49 07 123 55 2.62

L L8 52 123 42 2,66

5 418 39 123 34 2.7h

61 L8 33 123 32, . 3.02

7 48 26,0 123 29.7 2,81

8 48 21.9 123 h4.1 2,77

& 9 48 21.8 123 48.2 2.76

710 L8 23.8 123 52,6 2,97

11 L8 24.2 123 59.2 2.72

k

It is thought that sample 10 may not be representative.

measurements may be made. Two standards of precision exist in the survey and
these are discussed separately.
(1) The base network:

The drift curves for the Worden No. 546 indicated an gncertainty of
£l9.1} scale division or <|.04| mgal in the measured difference in the
value of gravity between any two stations. It may b? assumed that the
calibration cénstant k = .39881 is determined to within * .000l, The great-
est reading difference fog this instrument occurs between Vancouver
(g = 980.9370) and Kelsey Bay (g = 981.1030), a difference of 166.0 mgal
or 416.2l scale divisions. This leads to an uncertainty of * .04 mgal for
the extreme ranée of measurement. The probable error in the observed
gravity for any station is thus * 0,06 mgal.

The closure errors in the two large circuits are shown in Figure 48
to be 0.2 and 0.7 scale divisions or 0,07 and 0.28 mgal.

The gouguer redgction is dependent on the value assumed for ? . It
would appear that the conventional value P = 2,67 is somewhat low for this

area.
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(2) The detail stations:

The standard of accuracy for the detail stations is not well determined.
The calibration constant for the Worden No. 35 used in this part of the survey
has been obtained by comparing reading differences obtained with it for some
of the base network stations and taking an average value for the conversion
factor. It may be assumed that the value of 0.416 for k has an uncertainty
of £ ,002, This would lead to an uncertainty of about * 1 mgal over the
range of about 180 mgal used in this survey.

It has been pointed out that ektept in a few cases, there is no check
on irregularities in the drift between base stations, or between base station
readings taken at the beginning and end of a leg. In some instances, read-
ings were taken at stations on the return trip for a particular leg. An
examination of the drift curves would indicate that errors arising from
irregularities in drift are probably less than 2 scale divisions, or about
1 mgal.

Elevations were obtained for the C:tail stations by the use of two
altimeters. The uncertainty of these zlevations is probably not greater
than * 2 metres. This would give rise to an . ertainty in the Bouguer

correction of 0.4 mgal.

4.8 Discussion of Data

The base network stations and the detail stations are shown in Figure
46, with the Bouguer anomalies for each station.

An attempt to draw iscanomalies has not been made since most of the
observations were made along a line paralleling the line of the refraction
profiles in the Strait of Georgia. Some of the stations lie along east-west

lines. However, to draw isoanomalies would require greater detail in the
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observations,

The general features of the data are as follows:

(1) The anomaly values along the east coastline of Vancouver Island (except
for the Victoria area) as far north as Kelsey Bay do not differ much from
zero., The same may also be said of the east-west legs from Duncan to Lake
Cowichan and from Qualicum west to Port Alberni, Ucjluelet and Tofino.

(2) The negative anomaly at Vancouver and the smaller negative anomaly at
Powell River are to be expected due to the effect of compensation in the
mountainous area, if isostatic equilibrium exists. Garland and Tanner (1957)
have carried out a gravity survey across the southern Canadian Cordillera
and have found an isostatic anomaly of - 4.2 mgal for a measurement made at
Vancouver (Brockton Point).

(3) There is an area of positive Bouguer anomaly in the Victoria area which
becomes even more positive to the west along the shoreline of the Strait of
Juan de Fuca toward River Jordan. This value of from +40 mgal to +70 mgal
is in contrast with an anomaly of nearly zero at Port Angeles on the opposite
side of the Strait, and with the large negative anomaly in the Puget Sound
area.

In Figure 50 a sectiqn of the topography iSJShOwn for a line taken at
approximately 49° 30' latitude and traversing the area for which gravity
values are being discussed. The aver;ge elevation along this section is
found to be 0.48 km. Since the features of low elevation, such as the Strait
of Georgia, included by this section have dimensions smaller than, or of the
same order as, the minimum dimension for local compensation as given by
Heiskanen and Vening Meinesz (1958) (about 100 km.), we,may assume that the
compensation exists on a regional basis. Woollard (1959) cites the general

rule that local compensation exists only for features which have horizontal

[
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dimensions exceeding three times the regional crustal thickness. The expected
Bouguer anomaly is -55 mgal. This is close to the observed value obtained for
the Vancouver station. The difference between this value and the average
value obtained for the profile along the east side of Vancouver Island appears
as an isostatic anomaly of about 50 mgal. and requires an explanation.

Sufficient gravity data are available to draw a gravity profile along
a line from Vancouver across the Strait of Georgia, Vancouver Island and out
for some distance into the Pacific Ocean. The submarine observations are
taken from measurements made by Worzel and Ewing (1952). The profile of
Bouguer anomalies is shown in Figure 51 together with the elevations. The
elevations taken for the continental part of the profile are along the same
line as that shown in Figure 50, This profile is displaced about 20° north
jn latitude from the gravity profile. This was done in order to obtain a
more representative figure for the average elevation of the land mass for the
region, since a cross section taken through Vancouver would follow the Fraser
River Lowlands. The oceanic part of the profile is taken along a line west
from the Tofino gravity station at latitude 49° 10t'. The gravity reading
included to the east of Vancouver is for Agassiz and is taken from the results
of a survey carried out by Garland and Tanner (1957)., The data obtained from
this source as well as those from the submarine measurements are shown in
Table 26 (page 84). The Bouguer anomaly reductions do not include terrain
corrections for any of the data given.

The deviation of the observed anomaly from the calculated curve for the
Vancouverélsland area is about +50 mgal. For the oceanic observations the

deviation is about =20 mgal.
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Table 26. Additional Data Obtaiqgg from Otherprservers —
Station | Observer ¢ A Observed {Elev- | Reduced {Gravity Bougher
' No, Gravity |ation |Gravity | from Anomaly
(gal) (m.) | (gal) |Inter- | (mgal)
{national :
‘Gravity
Formula
(gal)
] L
157 |Garland |49 14.1|121 46 |980.8977 | 20 109.7
and
Tanner
7 Worzel 49 12 127 33 |980.963 |-1906 |981.092 |981.007 85
and
Ewing
8 Worzel 50 05 130 26 | 981.086 |-2282 |981.241 |981.086 | 155
and i
Ewing
120 Worzel 49 43 132 21 [981.034 |[-3216 |981.252 |981.033 | 197
and
[Ewing

The Bouguer reduction as given by Heiskanen
for submarine observations requires that the following correction be made

to the observed value of gravity:

-.3086 (1 -

and Vening Meinesz (1958)

Py 4 3 P—Pw
— .3086 (=
Fm) + (5 om

Yt' +2wcos g v

where P = density of rock with which the water is replaced and is taken as

2,67 gm/cm.

' Pu

50
|

3

depth of water in m,

density of water, 1.027 gm/cm.

3

depth of observation in m.

mean density of the earth in gm/cm.

v = east-west velocity in m/sec,

3

The final term is the Coriolis force which results from the east-west
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component of the submarine velocity and has not been considered.

In computing the Bouguer anomaly values for the three submarine readings,
the observed gravity values as received in a communication from Worzel and
Ewing were corrected only for the second term of the above expression. The
effect due to the depth at which the observations were taken was neglected.
If a depth of 50 m, is taken as the maximum expected depth of the submarine,
the error in correction is limited to about 10 mgal.

The small variations in the gravity anomaly values observed along the
profiles shown in Figure 46 may be easily accounted for by the variations in
depth and density of the surficial geological structures. As may be noted
from Table 25 and Figure L9 there is a considerable density contrast between
the sedimentary rocks of the Cretaceous strata and the volcanic rocks and
basic and granitic intrusives underlying the gravity stations at the north
and south ends of the profile. A variation of 20 mgal.may be due to a layer
of thickness 2.4 km. if a density contrast of 0.2 gm/cm.3 is assumed.

The rather large positive anomaly at the south end of Vancouver Island
requires further observations to define the boundaries. It may be assumed
from the high horizontal gradient in the gravity values that the anomaly is
the result of a high density body at rather small depth. If the highest
value of the gradient indicated in the observations is considered, i.e.,

3.9 mgal/km. taken between station Sooke-2 and Duncan-2, an estimate of the
maximum depth to the upper surface of the anomaly producing body may be made.

A formula given by Bancroft (1960) has been used:

=1(08
dy, = 1 ( 7/ﬁxz)

where do = maximum possible depth to the top of the anomaly producing
body in km,
Agt = total anomaly in mgal
U__ = maximum horizontal gradient in mgal/km,

X2z
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Using the value 3.9 mgal/km. as the gradient and the total anomaly of
60 mgal, one obtains an estimate of 4.9 km. as the maximum possible depth to

the top of the anomaly producing body.

5. DISCUSSION AND COMPARISON OF REFRACTION AND GRAVITY RESULTS

The locations of the Alberni and Victoria stations relative to the spread
of shots in the Strait of Georgia are convenient for testing the wvariation of
velocity with depth in the 6.8 km/sec. layer.

Observations frgm a layer with velocityl}ncreasing with depth would
result in a non linear time-distance curve. The equation representing the
time-distance relation for a layer in which the velocity increases linearly

with depth for the case of zero time intercept has the form:

(5-1)

g is the velocity gradient with depth and vy is the surface velocity. For
the case of constant velocity which has been assumed in the analysis of this
study, the constant b reduces to zero and the relation to the linear form

t = aa (5-2)
From (5-1) we have that

dt, 2
-2 + 3bA (5-3)

%% is the reciprocal of the apparent velocity for any value of A. An increase
in apparent velocity is indicated for an increase in A, A continuous increase

in velocity with depth of another form yields a similar result. The observ-

ational results for Alberni and Victoria as shown for profiles II and VIII
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dt

and '&'K\A £ 170 km.

ive QE\
g da\ A = 70 km.

Reference to Table 8 indicates values for these slopes as follows:

dt - 1

da| Alverni 6.85 £ ,08
and

dt 1

4| victoria 6.76 £ .13
Since the observed velocities are about equal, an increase in velocity
with depth is not indicated. The small variation in the apparent velocities
may be due to slightly different orientation of the profiles in an area with
dipping structures,
If the gravitational field associated with an infinite plate of density

and thickness h is considered, we have from Poisson's equation that,

2
<74 =0 (5-4)
for all space external to the plate, where ¢ is the potential. Since ¢ is

presumably not a function of x and y, we have

?__g=o
Oz
and
¢ = Az * B.
The gravitational force is
,,a_é.-:,A

The gravitational force due to an infinite plate is thus a constant, in the
space above the plate;, and not a function of the z coordinate.
The vertical attraction due to an infinite plate may be shown to be:
zt = 2nkP11 (5-5)

(Heigkanen and Vening Meinesz, 1958) where k is the gravitational constant.
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This result facilitates the comparison of various crustal models in terms

of the expected differences in regional gravity anomalies. It is a simple

-

process to insert a layer of positive or negative density, iA(D, and thickness
h into a model at any crustal depth and to calculate its effect on the gravity
value, as long as the assumption ofvthe infinite plate is considered to be a
good one,

Press (1960) has assumed a regional Bouguer gravity anomaly of -30 mgal
for an average continental crust. He adopts the crustal model for South
Africa which is consistent with the explosion data as determined by Hales and

Sachs (1959) and the surface wave dispersion data (Figure 52).

Thickness Density Velocity
(fam. ) (gm/cm”) (lm/sec. )
21 2,78 6.03
15 3.0C 6.71
3.37

Figure 52, Structure Found by Hales and Sachs (1959) for South Africa.

If this model is adopted as a standard for a comparison with the structure
of this study, a depth for the 6.7 km/sec. layer may be calculated from the
measured regional Bouguer gravity anomaly. In making this calculation the
effect of the surface layers of lower velocity, for the area of this study,
has been neglected. Also the variation in the velocities obtained for the

sub-crustal material between the two models has not been taken into account.



-89 -

The value of P = 3.00 gm/cm.3 for the 6,7 km/sec. material has been obtained,
as in the analyéis_by Préss, from the empiriqal relaﬁion arrived at by Nafe
and Drake (1958) between the velocity of compressional waves and density.
The value of the depth obtained is 46 km., a result which compares well with
the seismic models obtained in 3.12.4. |

It may be stated that the exp;cted effect on the gravity values is very

sensitive to the’values of density chosen for the different layers of the

A,
7

structure, For example, a change in the assumed value of F'for the 21 km.
layer of 0,10 gm,/cm.3 would lead to a difference in the expected gra#ity value

of 100 mgal,

¢ 6, COMPARISON WITH OTHER SURVEYS

A brief comparison of the results of the present investigation with other
investigations in adjacent areas is presented.

. The plot of the data given by Tatel, Adams and Tuve (1953) for the Puget
Sound area has been examined. The plot represents the data obtained from
about 60 observations from 17 explosions in Puget Sound. The refraction lines
run in directions radial from the explosion area. The data of Figure 10 of
the above publication have been plotted separately for each of these lines,
in order to compare the results with those of the present study. The refrac-
tion lines tp the south-east and east of the explosion area extend to distances
of about 280 and 290 km. respectively. The velocity line t =‘g%%g, obtained
for the composite plot of the data of the present study with a somewhat larger
time intercept fits the data for these profiles reasonably well. The refrac-
tion profile to the southwesﬂ of the explosion area indicates an apparent
velocity of about 6 km/seco The early arrivals recorded on a line to the

west of the explosion area, have been interpreted by the authors as refractions
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from the Mohoroviéit discoﬁtiﬁuitj which they suggest is rising toward the
surface as the continental margin is approached, The spread of recording
stations (110 - 140 km.) is rather short for the determination of a reliable
apparent velocity. However, the plot of the points does appear to fall along
a line parallel to t = ZTA@'S

A quotation from Steinhart and Meyer (1961) refers in part to the work
of Tatel and Tuve in the Puget Sound area. "An interpretation with a uniform
crust gives 24 km. to thg M. Wédllard finds a much greater depth indicated ‘
to the west but there are not enough data to compute a structure. Hodgson
{National report for Canada 1959-60, Contributions Dominion Observatory,
Ottawa) gives about 32 km. for this area."

The following values ére also given in the same reference: -

Velpqity in the crust: 6.0 increasing to 7.0 km/sec. aﬁ base of crust
Mean crustal velocity: 6.5 km/sec. |

Mantle velocity: 8.0 km/sec.,

Depth to mantle: 30 km.

The reversed profile observed by Shor on the continental shelf in Dixon
Entrance at the north end of the Queen Charlotte Islands has indicated an
intermediate velocity for this area. The equations for the segments of the
velocity lineé with a conversion of units are approximately,

A
t = 1,47+ %60

_A_
7015

t =217 +
where A is in km. These results are quité comparable with those of the short
range profiles of the present iﬁvesfigation°

Shor has interpreted some secondary arrivals as possible refractions from

the mantleée and has calculated a depth of 26 km. for the crust in the area of
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the profile. The present investigation requires a thicker intermediate layer
for the Vancouver Island area.

The reversed profiles observed by A. R. Milne (1960) seaward from the
edge of the continental shelf indicate velocity segments on the time-distance
plots of 6.78 km/sec. and 6.76 km/sec., typical for the intermediate layer
which forms the greater part of the oceanic crustal section. The thickness
of the layer varies from about 2.5 km. at the west end of the profile to 4.0
km. at the east end. The present investigation requires a thickening of the
intermediate layer at the continental margin.,

A previous investigation by Milne and White (1960) based on a smaller
number of observations in the Vancouver Island area gave a somewhat lower
velocity for the upper crustal strata. It was pointed out that the Alberni
recording of the Ripple Rock explosion showed an earlier than expected
arrival. This observation is accounted for by the present interpretation.

The observations of Neumann (1957) include the use of a 7.0 km/sec.
velocity in epicentral determinations of local earthquakes, the proposal of
a very thick crustal section in the Seattle area, and the failure to observe
velocities approaching 8 km/sec. from earthquakes along the coast as far as
southern California. These are in general agreement with the conclusions

from the present investigation,

7. CONCLUSIONS

The crustal model which has been derived from a composite plot of all
longer range refréction data, is shown in Figure 44 (page 71) and consists
of the following structure (Table 27, page 92).

Structures determined by treating the data in the form of refraction

profiles do not differ much from this model. Considerable variations in the
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thickness and character of the granitic and volcanic layer are detected in the

results of the shorter range refraction data,

‘Table 27, Average Crustal Structure for Coastal Area

Layer P-wave Velocity Thickness
(km/sec.) (km. )

Volcanic and

granitic strata 5.6 = 6.0 3.26
Intermediate 6,66 45.8
Mantle 7.76

The shorter range profiles obtained from closely spaced explosions in
the Strait of Georgia area extending from Campbell River about 100 km. south-
east, show strong evidence for the intermediate layer at shallow depth., Vari-
ations of 0.7 km/sec. have been found in the observed apparent velocities
across this,spread of explosions. Except for two profiles, the variation is
limited to 0.3 km/sec. The variations may be explained in part by the existence
of dipping interfaces. This explosion area is underlain by a layer of
Cretaceous sediments having a compressional wave velocity of about 4 km/sec.
There is some evidence for major faulting in the area.

An ancmalous situation exists north of Campbell River which gives rise
to earlier than expected arrivals from the explosions A (Nov.) and 1-5 (Nov.)
at Elk Falls and later arrivals at Alberni. Alternative structures have been
proposed to explain these data consisting of a considerable thickening of the
upper crustal layer toward Kelsey Bay or the existence of a low velocity plug
in the path of propagation between Alberni and ﬁhé:gelsgx.Bay - Johnstone
Strait area.

Except for the case of one profile, where the velocity segment is based
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on only two observations, a velocity approaching 8 km/sec. has not been
observed., The velocity obtained for observations along the ccast from the
Ripple Rock explosion as far distant as 1127 km., is 7.7 km/sec. This velocity
has also been found for a profile in the reverse direction, of events recorded
at Longmire from a distance of 510 km. The possibility that the arrival read
at Mineral (A = 1127 km.) is a secondary arrival has been considered. Unfor-
tunately an opportunity to follow the character of Pn with increasing distance
is not afforded in the data because of the gap in the observations between
Longmire and Mineral. An apparent velocity of 7.66 km/sec. has been obtained
for observations along a line east from Ripple Rock for the distance range
300-700 ¥m, It is suggested that these velocities are associated with the
mantle.

Since no observations have been made east from Ripple Rock in the distance
range 0-300 km. the data are not complete enough to determine a structure. It
is to be noted, however, that the time intercept of 4.8 seconds is somewhat
smaller than for the Pn curve for the coast data.

A test for a possible increase in velocity with depth in the intermediate
(6.7 km/sec.). layer has shown that no appreciable increase exists.

The results of the gravity observations, taken between Victoria and
Kelsey Bay on Vancouver Island, show that except for the south end of the
Island, the regional Bouguer gravity anomaly is about zero. A pronounced
positive anomaly of about 40-65 mgal has been found in the Victoria area
and west along the south shore of Vancouvef Island. The horizontal gradients
observed indicate that the positive anomaly is due to dense material near the
surface. An east-west gravity profile starting on the British Columbia
mainland, traversing Vancouver Island and extending out into the Pacific Ocean

indicates a positive isostatic anomaly of about 50 mgal in the Vancouver
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Island area. The isostatic anomaly at Vancouver and seaward from Vancouver
Island appears to be small,

If the seismic model, requiring an intermediate layer at shallow depth
is accepted, then in order to explain the observed regional gravity results,
this layer must be assumed to be relatively thick. The positive effect on
the gravity value resulting from the existence of the intermediate density
material near the surface must be compensated for by extending the inter-
mediate densities to greater depths. Some of the higher densiﬁ& material of
the mantle must be replaced with in;ermediate density material, The density
of the intermediate layer has been inferred from the compressional wave
velocity. A comparison of the structure of the Vancouver Island area with

that of a standard model gives a thickness of 46 km. for the intermediate

layer based on the gravity observations.
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