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ABSIRACT-

During the summer of 1975 a deep seismic sounding survey
was carried out over Winona Basin, a deep water sedimentary
basin located off the northern end of Vancouver Island. Three
reversed refraction profiles were shot, one parallel and two
perpendicular to the axis of the basin, with penetration from
the ocean bottom to the upper mantle.,, Several sub-critical
reflection profiles were also shot in an attempt to delineate
the sedimentary structure of the basin.

The two sub-critical reflection profiles shot over the
central part of the basin were analyzed using the T2-X2
method. . The data sets gave layer velocities and thicknesses
for 2 km of sediments for one of the profiles and .6 km for
the other although petroleum industry data indicate that
neither profile penetrated to the volcanic basement. The
remaining reflection profiles were shot on the sides of the
basin. ©On the western flank of Paul Revere Ridge,
approximately 1 km of sediments with velocity in the range 2.5
to 3.5 km/s overlies volcanic basement. Over the continental
slcpe on the east the seismic energy is strongly scattered
below an upper 0.7 km of sediments.

Refraction profile 75-1,1R, along the axis of the basin,
vas analyzed in a previous study using synthetic seismograms.
However, the severe lateral inhomogeneities across the basin
necessitated the use of ray tracing for the cross basin
refraction profiles, 75-2,2R and 75-3,3R., The final nodels

are non-unique but they satisfy the seismic data very well and



are consistent with profile 75-1,1R,
views on plate tectonics., K They show
dipping from both sides of the basin

Evidence for subduction as well
the Explorer and American plates has

that oblique subduction is occurring

iii

gravity data and current
deep crustal layers
towards the center.,

as lateral motion between
led to the conclusiocn

at ®Winona Basin.
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1. . INTRODUCTION

The western Cénadian continental margimn is tectonically a
very complex area. A series of active sea-floor spreading
ridges ccnﬁected by transform faults separates the oceanic
crust into the Pacific plate to the west and the much smaller
Explorer and Juan de Fuca plates to the east; east of the
latter plates is the large North American plate, the western
part of which has continental crust (see Fig, .1.1). The
Explorer and Juan de Fuca plates are remnants of the once
larger Farallon plate, and are now separated into two sub-
plates by the Nootka Fracture Zone (Riddihough and Hyndman,
1976 ; Hyndman, personal communication, 1977). 6 North of the
Dellwood Knolls, lateral motion occurs between the Pacific and
North American plates along the Queen Charlotte transform
fault zone; south of the Dellwood Knolls, convergence of the
North American plate with the Explorer and Juén de Fuca plates
resu;ts in compression of the oceanic crust and subduction of
the oceanic plate beneath the continental plate (Riddihough
and Hyndman, 1?76).A The point along the continental margin
which separates the transform fault motion from the cbnvergent
motion is known as the triple junction between the three
plates. The change in position of this triple junction over
the past several million years is believed to be at least
partially responsible for many of the prominent features of
the region, including Winona Easin, the area of interest.for

this deep seismic sounding survey. .
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1.1 STRUCTURE-AND TECTONICS OF HINONA-BASIN-

S

Winona Basin is a deep water sedimentary basin located at
the foot of the continental slope off the northern tip of
Vancouver Island (see Figs. 1.1 & 1.,2)., It is bounded by Paul
Revere Ridge to the southwest, the Brooks Fracture Zone
{adjacent to Brooks Peninsula) to the southeast and the
Dellwood Knolls to the northwest, The basin itself, which is
generally believed to be of Pliocene-Pleistocene age, is
divided into two smaller basins by Winona Ridge, which runs
obliquely down the length of the basin, .

A -160 mgal free air gravity anomaly located over the
eastern portion of the basin has been interpreted by Couch
(1969) as being due to 4 to 6 km of sediments,, Petroleun
industry seismic reflection data (Chevron Standard Ltd.,
Calgary, unpublished data) indicate up to 4 km of sediments.
The basin does not show the typical linear magnetic anomaly
pattérns associated with sea floor crust which has been formed
at a spreading center, but Riddihough {personal communication,
1978) has suggested that the overlying sediments could
obliterate such a pattern.,

Winona Basin is lccated near the junction of the Pacific,
American, and Explorer plates and the main features of the
basin have almost certainly been controlled by the conmplex
interaction of spreading ridge readjustment and subduction at
the continental margin., In a study of the magnetic anomaly
patterns of the area, Riddihough (1977) has shown that

readjustment of spreading rates and directions over the past
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Location of 1975 marine deep seismic sounding
profiles in Winona Basin, Open circles show the
drift track of the receiving ship during the
profile runs. Profiles 75-2, 75-2R, 75-2V, 75-3,
75—-3R and 75-3V are the subiject of this study.
Bathymetric contours are in meters. {from Tiffin
and Seemann, 1975)




10 million years has resulted in a complicated motion of the
triple junction near the area of Brooks Peninsula. This has
also been suggested by Murray .and Tiffin (1974) based on
evidence of subduction to the southeast of the Brooks Fracture
Zone and strike-slip motion to the northwest. If the triple
junction is now located at the Dellwood Knolls, it must have
migrated northwardoner the past few m.y. resulting in the
formation of Winona Basin.. It was suqgested by Hyndman and
Riddihough (personal communication, 1978) that the triple
junction may have migrated along Winona Ridge, which iines up
well with the Queen Charlotte Fault, rather than following the
indentation in the cbast off northern Vancéuver Island. . This
would imply that the eastern portion of the basin was at least
temporarily stuck to the continental pléte resulting in the
east side of the basin being considerably older than the west,
However Davis (personal communication, 1978) has shown, on the
basis of heat flow measurements, that both sides of the Sasin
are not likely more than 6 m.y. .0ld. .

Another possibility is that Winona Ridge, from which
consolidated sediments have been dredgqed {(Chase, personal
communication, 1978), was formgd by slow convergence of the
oceanic and continental plates.. The newly formed oceanic
crust, being thin and still relatively warm, may have been
more susceptible to deformation and compression than to
subduction, . Since there very likely is subduction to the
southeast of the basin and definitely strike-slip motion to
the northwest (Tiffin et al, 1972; Chase et al, 1975;

Riddihough and Hyndman, 1976), the northwestern edge of the



subducting plate must be either beneath, or just southeast of
the basin, Riddihough (1977) shows it as being just southeast
of the basin. . Contiﬁuous seismic profiles {C.S5.P.%s) show the
volcanic basement dipping beneath Winona Basin from Paul
Revere Ridge (see Figs. 1.3 & 1.4), but it is not clear if
this is actually a subducting plate or just the result of

deformation and uplift along Paul Revere Ridge. .

1,2 BROJECT DESCRIPTION-

In order to gain a further understanding of the
significance of Winona Basin, a seismic survey was carried out
during the summer of 1975., The objective of the study was to
provide detailed velocity and structural information for the
crust and upper mantle in the area.,.  Three reversed profiles
were run; one along the center of the eastern portion of the
basin and two across the basin {see Fig. 1.2).. To gain
further information about the sediments, short near vertical
incidence profiles were run at the intersections of the cross
profiles with the long profile,, The marine seismic systen
(Clowes, 1977) records near vertical incidence to wide-angle
reflected and refracted waves with penetration from the ocean
bottcm to the upper mantle,

The first 16 shots of each profile were set at shallow
depths (7 m) in hopes that the gas bubble would blow out at
the surface, minimizing the bubble pulse problem.,. The
shooting ship then returned to its starting point and

proceeded to shoot the entire profile with the shots at the
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thimum depths for maxinmum penetration of seismic energy,
these depths depending on the charge size {(Shor, 1963)..
Profiles 75-1 and 75-1R were analyzed by Lynch (1977)
while this thesis presents an analysis of profiles 75-2,
75-2R, 75-3, 75-3R, .75-2V and 75-3V, Since the Tesults of
Lynch?s work are an integral part of this study, many

references will be made to his thesis.
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A detailed description of the marine deep seisaic
sounding system is given by Clowes (1977). . It is similar in
principle to the two-ship refraction technique described by
Shor (1963), in which one ship, the recording ship, drifts
freely at one end of the line while the second ship proceeds
along a predetermined course releasing explosive charges, For
our survey, ship positions were determined by LORAN A,

On the receiving ship, the seismic signals were detected
by six bhydrophones suspended to a depth of 45 m from a 610 n
cable., The signals were pre-amgplified at the hydrophone,
filtered from 0.8 to 100 Hz and then amplified by individual
amplifiérs manually set for each shot. The six analog signals
plus WWHVB time code were digitized at 312,5 Hz and written
~onto magnetic tape using an I.B.M. compatible, 14 bit, multi-
channel data acquisition system (see Clowes, 1977). FTive data
channels plus the WWVB time code were monitored om a 6-channel
chart recorder for quality control..

-On the shooting ship, the direct water wave (D.W.%®.) was
detected by both a hydrophone trailed directly behind the ship
and a geophone located onydeck., These t¥wo signals plus the
¥HVB time code were recorded on a 4-channel FM tape transgport
while the hydrophone ‘and WWVB signals were recorded directly
onto a 2-channel high speed Brush chart recorder.. For the

profiles being analyzed in this thesis, the charges ranged in
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size from 2.3 kg to 96 kg of Gecgel, a commercial explosive,
and were suspended at optimum depths by large red ballcons, .
The shot-to-ship distances were measured with a rangefinder

focussed on the balloons.

1) Demultiplexing

Since the six seismic channels plus WWVB time code were
recorded digitally in multiplexed form, the first data
processing step was demultiplexing. The analog records, on
vhich a marker channel identified the time interval for
digitization, wers used to edit out unnecessary data since
several seconds were recorded both before and after the
arrival of the shot energy. A computer program Written by
Lynch {1977) was used to perform the demultiplexing. . The
program checked the input tapes for missed data and tape
errors and wrote the corrected, demultiplexed data onto new
magnetic tapes. . The six seismic channels plus WWVB time ccde:

for a single shot comprise one data file. .

2) Shot Origin Times

The D.W.W. recorded at the shooting ship was used to
determine the shot origin times, . The arrival of the signal at
the hydrophone could be timed to better than S ms from the
2-channel chart recordings. Since the charges were detonated
at various depths and distances from the shooting ship,

corrections were made for the travel time, generally of the
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order of 100 ms, from shot to ship.. This introduced a further

15 to 20 ms error. .

3) Shot-Receiver Distances

The shot to receiver distances were determined by
measuring the D.W.W. travel time and assuming a constant water
velocity of 1.49 km/s.. To measure the arrival tiie of the
_D.w.ﬁ., the six seismic and WWVEB time channels were plotted
with a common time origin at a rate of ,126 s/cm {.32 s/inch},
each channel being normalized to a maximum amplitude of 1.9 c¢nm
(see Figs. .2.1). The error in measuring the D,.¥W.HW. arrival is
10 - 20 ms and combined with origin time errors this gives a

total error in distance of the order of 50 - 80 =m.,

4) Topographic Correction

As can be seen from the C,S$.P, records (Figs., 1.3 & 1.4),
it was necessary to make corrections for topography.. Since
the eastern portion of the basin is at a uniform depth of
approximately 2.0 km, all travel times were corrected to this
depth. A velocity of 2.0 km/s was assumed for the immediate
sub-bottom material, this being representative of shallow
sediments, The effect of this correction is to replace all
sub-bottom material above 2.0 km depth with 1, 49 km/s
material, and all water below 2.0 km with material of velccity

2.0 km/s.. The correction is

AT=H(& - )/ tos € 2.1)
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153-2--20

15-3R-42

Two seismograms typical of those used to time
direct water wave (D,W.W.) and the first

refraction arrivals, Th2 bubble pulse sequence is

the

cleariy visible following the D.W.W, arrival on
the upper set of traces, The lower set of traces

shows the arrival of refraction energy at a
distance of 19 kn.
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where H is the height of the topography from 2.0 km depth, V,
is the water velocity, V; the sub-bottom velocity and © the
angle of the ray from vertical. This correction, which is
approximately 50 ms for 250 m of topography, was applied to
both the shooting ship and the receiving ship water depths.
Since the two sides of the basin are close to 2.0 km depth,
the.greatestbeffect'of the topographic correction is over Paul
Revere Ridge, Winona Ridge and the continental shelf and
slope, . The velocities beneath these areas are not well known
so that the corrections could be in error. For example, if
1.0 km of continental slope material is corrected at 2,0 km/s
the correction is 170 ms, while if it is corrected at 4,0 kn/s
the correction is 420 ms, This must be considered when
apalyzing such areas. .

During the survey there was no depth recording equipment
operating on either ship, although a request for working echo
sounders had been made prior to the cruise, 1In qrder to
obtain depth information, a chart produced by the Canadian
Hydrographic Service was used., OR this chart are plotted
water depths along an extensive series of ship tracks. . The
major source of error in determining the depths below our
ships from this chart is the uncertainty in ship position,
which for LORAN A in the region of our survey is of the order
of 1 km.

It was also possible to calculate the depths below the
shooting ship by measuring the difference in travel time of
the D.¥%W.¥W. and the first water-bottom-bounqe."'Consider the

following diagram:
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QLo
N~

If T is the arrival time of the D.W.¥. and T, the arrival

time of the water-bottom bounce then, assuming near-vertical

incidence,

Tv=/ X*+d*/Vw {2.2)
Tz (2/(FF 72 -d)/ W (2.3)

where X is the horizontal distance, d the shot depth, and 2

the water depth., Let AT = T4 - T,, then

2=S(VuAT+ d r JXE+ ) - X2 /2 (2. 4)

The uncertainty involved should be no more than 30 m over a
depth of 2000 :m. The results obtained using this method agree
very well with thosé taken from the bathymetric chart so it
was assumed that the receiving ship depths taken from the

chart wvere reasonable as wvell.,
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5) Record Sections

In order to present the data in the best possible way for
interpretation, a record section was produced for each
profile. The program used to compile the record sections
makes corrections for amplifier gain, charge size, spherical
spreading, and hydrophone sensitivities (see Lynch, 1977).
The correction for charge size is W™ for a wveight of ¥
pounds (O'Brien, 1960; Muller et al, 1962) and the correction
for spherical spreading is X2 for head wave amplitudes at
large distances (Cerveny and Ravindra, 1971) and X for
reflection amplitudes. . Such amplitude scaling with distance
gives a record section with amplitudes normalized such that
arrivals at all distances can be seen clearly,. The program
also contains a zero phase, four pole Butterworth filter
{Kanasewich, 1976) which was used primparily to reduce high

frequency noise, .
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3.1 -METHODS OF ANALYSIS-

All reflection profiles were interpreted by first
Upicking¥ the arrival times vs, .distance for all reflecting
horizons which could be identified. However, differences in
individual profiles made it necessary to use two methods cf
analysis. . Profilés 75-2Y and 75-3V were shot as split-dip-
profiles (Telford et al, 1976) and it is obvious from the
C.S.P. records that there is very little dip in the lavyering,
Profiles 75-2, 75-2R, 75-3 and 75-3R on the other hand, are
not split-dip profiles and it is obvious from the C.S.P.
records that there is significant dip in the horizons over
which they were shot. For these reasons, profiles 75-2V and
75-3V were analyzed using the standard T2-X2 method for flat
. layers and the other profiles were analyzed using the egqguation

for dipping layers.

1) T2-X2 Method
For plane, horizontal reflecting horizons in a
multilayered medium, the approximate relationship between

travel time T and distance X is
i 3
T‘L:_%% - T (3. 1)

where V is the average rms velocity down to a horizon and To

the 2-way vertical incidence travel time., The right-hand side
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of equation 3.1 consists of the first two terms of a Tavylor
series expansion for T2 (X) about the point X=0., A plot of T2
vs X2 will yield a slope of.1/?2 and an intercept of TZ..

For the case of several layers, Dix (1955) gives the

interval velocity Vx as

Vg = / & Tk = Vi T (3.2)
T = Tk

where ¥y and T« are the average rms velocity and 2-way

vertical incidence travel time to the bottom of the k™ lavyer.

The thickness of the k™ 1layer is then given by

hK-_—VK (Lik‘_) 13.3)

2) Dipping Layer Approach
The relationship between travel time and distance for a

dipping plane horizon is, (from Telford et'al, 1976)

T*= To‘{l + (X*» 4h><sme\} {3.4)
Zh -

where © is the angle of dip, and h 1is the thickness normal

to the bed at the origin,

Consider 2 points, T, and T, with corresponding X, and X,,
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from a travel time curve, For convenience choose X;=0, in
which case T, =T,=2h/V, the travel time intercept.. Therefore,

T|1 = To‘L
(3. 9)

T = Tot{l + (X2 f44’1)(1. Sin e)} |
h 13.6)

=To* + X + 2ToX; 51080
S v S A

let AT*=T'-T*, then

V- (X2 5m8)V - X2 = O (3.7
AT N

In this equation there are two unknowns, ¥V and ©. In order
to find ¥V, © nust be known., Fortunately we can estimate &
from the C.S.P. records, although only the first sub-bottcm
layer can be analyzed with any degree of accuracy..

Again, the Dix formula can be used to find the interval
velocity, which in turn can be used to find the layer

thickness.

3.2 BUBBLE PULSE DECONVOLUTIGN-

In marine seismic operations, the source signature
produced by the explosive enerqgy source is a series of
impulses caused by the repeated cycle of gas bubble expansion

and contraction (see Kramer et al, 1968). ¥For sub-critical
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reflection data this wavelet can seriously complicate the
profile interpretation. .

An attempt was made to reduce the bubble pulse problem by
deconvolution filtering., Two methods were tried, both
‘rTequiring a detailed knowledge cf the source signature. The
first method was divisional deconvolution using the water-
level parameter (Clayton, 1975). The second method was a
technique devised by Wood et al (1978), which consists
essentiélly of cross-correlating the trace with the source
signature. The trace 'should then contain the autocorrelated
source signature which can be processed into a desired shape
by an optimum lag Wiener inverse filter. - The advantage of
this procedure is that the autocorrelation function has a zero
phase spectrum, while the original bubble pulse signature is
mixed delay, which causes problems when using the conventional
Wiener spiking filter method. .

When applied to the data, both filters produced no
noticeable improvement.,  This is most likely because no true
source signatures ware available, Instead, what was used was
the arrival at the receiving ship of the D.¥W.¥. which is
complicated by the ghost arrival from the water surface. .

A deconvolution‘method which does not depend on source
signatures would probably give better results,  Such a method
is Minimum Entropy Deconvolution ({Wiggins, 1977) which is
based on searching each trace for sequences which have
identical moveout, This method was not attempted here because
of time limitations and also because for most arrivals the

bubble oscillations did not present a severe problem. For
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later arrivals it is unlikely that deconvolution would
significantly improve matters, because of the lower signal to
noise ratios encountered., The main advantage would be the
enhancement of primary arrivals within 500 ms of the water

bottom arrival.

1) Profiles 75-2V and 75-3V

Profiles 75-2V and 75-3V were both shot as split-dip
profiles, The receiving ship drifted freely while the
shooting ship released explosives, first in one direction fron
the receiving ship, and then in the opposite direction._  1all
shots were detonated at 7 m depth. .

The record section for the eastern half of 75-2V is shown
in Fig. 3.1, with all traces filtered from S5 to 30 Hz. The
record section for the western half is virtually identical to
that for the eastern half, indicating little or no dip in the
reflecting surfaces. This agrees with the C.S.P. record (Fig.
1.3) which shows relatively flat lying sediments in this area
of the basin. The first strong arrival of enerqy is the water
bottom bounce from the initial explosive impulse., The next
strong arrivél corresponds to the bottom bounce from the first
oscillation of the gas bubble created by the underwater
explosion, , The bottom bounce arrivals from the second and
third bubble oscillations are.also present, but at reduced
amplitudes, The long bubble train greatly complicates the

record, but because the bubble pulses have an identical
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moveout to the initial impulse for a given reflector, it is

possible to identify arrivals frcm deeper horizons by their

different moveouts, . Purthermore,

since the time interval

Table I Reflecticon interpretation results for profiles
75-2V and 75-3V..
3 L3 LB L 3 L3 L)
|Profile | Layer ]| Velocity | Thickness| Depth |
i i | (kmy/s) | (km) - | (km) |
+ } 4 + + 1
| 75=-2v | W i 1.49 | 2.00 ] 2.00 1
. | l | | {
i | A | 1.62 | «33 | 2.33 1|
| | | i | 1
| | B | 1.83 | - .39 I 2.72 |
i l | | i i
o | C | 2.04 | .18 i 2.90 1
i i | i i |
| 1 D | 2.49 | «30 1 3.20 4
| . | | i |
| | E | 3.63 | <77 1 3.97 |
i 5 t % } + 1
1 753y . & | 1..49 { 2.05 I 2.05 |
i | | | | i
i i A { 1. 67 f -+ 40 i 2. 45 |
| i ] | i |
i { B | 2.03 l 20 | 2.65 |
i F§ A ; i 3

betveen each successive bubble pulse decreases along the

bubble train, it is nearly always possible to determine the

position of
interval to
identifying
possible to

A, B, C and

an arrival along the train by measuring the tinme
the nearest arrival with identical moveout. .

all prominent arrivals in this manner it was

By

.23

distinquish clearly the four sub-bottom reflectors

D shown in Fig. 3.1,

4 fifth set of arrivals,

. labeled E, shows a distinctly different moveout than D but is

partially obscured by both noise and bubble oscillaticns fron
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earlier arrivals, However, the first bubble pulse of E, 250
ms after the.event marked, can be correlated across most cf
the section and gives credence to the existence of this
feflector, The T2-X2 results for these five layers are given
in Table I. Beyond E there appear to be additional sets of
coherent arrivals; however the calculated interval velocities
for these are much too lcw, indicétinq that they are nmost
likely reverberations from earlier arrivals, But at a time of
5.25 s, there is an event with small moveout, not clear enough
‘for andlysis, which suggests at least one.deepe: reflector. .
ét approximately 5.4 s the first set of water bottom multiples
is clearly visible; it obscures any possible deep crustal
reflections,

The record section for the western half of profile 75-3V
is shown in Fig. 3.2. Only two sets of primary arrivals, A
and B, are identified, with virtually no cohérent«enerqy after
3.5 s, This is consistent with the C.S.P..record (Fig.. 1.4)
and petroleum industry reflection data which shoa deformed
sediments with no continuous layering below about 3.5 s. .
There 1is some possibility of a primary arrival between ¥ and
A, but it is so badly obscured by bubble oscillations that it
cannot be positively identified., The record section for the
€astern half of 75-3V is similar to that of the western half
except the arrivals are even more obscured by bubble
oscillations. Since the C,S.P, record shows very little dip
in the layering, only the record section for the western half
of the profile was used in the analysis. The results are

summarized in Table I. .
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2) Profiles 75-2, 75-2R, 75-3 and 75-3R

Profiles 75-2, 75-2R, 75-3 and 75-3R were each shot
twice, first with shots at 7 n depth and then again with shots
at 45 m. None were shot as split-dip profiles. Coumparison of
the record sections for the two shot depths for profile 75-2R
reveals significant differences {see Figs. 3.3 & 3.4)., The
major difference is caused by the bubble pulse period, which
is much less for the deeper shots thén for the shallow shots. .
For identifying primary arrivals it was found that the shallow
shct profiles were much better because the bubble pulse
arrivals vere more spread out in time and wvere relatively easy
to identify. The bubble pulse period for the deeper shots is
close to the dominant wave period of .06 - ,10 s which made
identifying individual bubble arrivals impossible and gave the
records a much more reverberatory nature, The initial reason
for placing the shots at 45 m was to direct more energy into
the ocean bottom, but from comparison of the records it is not
obvious that this resulted.  The record sections for profiles
75-2, 75-3 and 75-3R are shown in.?igs.?3.5, 3,6 and 3.7
respectively. ,

Another problem‘vhich caused some obscuring of the
records was a result of ‘the recording procedure when
collecting data over a dipping reflector., 1In contrast to‘
normal land seismic  operations, marine seismic profiling
requires a stationary array of receivers and a varying
sequence of shot positiohs.;-lf'the horizon is dipping in the
direction of the shooting ship the overall profile is

considered to be a down-dip profile and the apparent velocity
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across the record section is lower than if the reflector is
horizontal. . However, for a single shot the energy is
traveling up-dip to the receivers and the apparent velocity
-across the array of six hydrophones is higher than for a
horizontal reflector. This results in arrivals not being
smoothly continuous across the section but appearing as a
series of short segments offset from each other by an amount
which depends on the degree of reflector dip. This problen
occurred to some extent in each of profiles 75-2, 75-2R, 75-3
ana 75-3R, which the C.S5,P, records show as having dipping sea
floor, and made the correlating of coherent phases very
difficult in places.

It was possible to identify only one or two primary
reflections from the record sections of these four profiles. .
This also is consistent with the C.S.P. records and petroleum
industry reflection data which show no coherent reflections
beyond these arrival times for similar regions. Any deeper
crustal reflections, if present, have low amplitudes and are
obscured by noise and bubble pulse reverberations. .

As mentioned in the previous section these profiles are
not split-dip and must be analyzed using egquation 3.7..
Examination of the C.5.P. records shows that for profiles
75-2R and 75-3R the basement dip is about 5° towards the east,
whereas for profiles 75-2 and 75-3, the dip is not clear. .
Using fhe C.S.P.-determined values gives a sub-bottom layer
0.8 km thick with velocity 2.45 km/s for 75-2R and 0.65 km
thick with velocity 2,42 km/s for 75-3R., Several different

dips were tried with 75-2 and 75-3. Varying the dip from 2°
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Table II Reflection interpretation results for profiles
75-2, 75-2R, 75-3 & 75-3R., Three sets of possible
results are shown for the bottom layer of each
profile since there is an ambiguity between velocity,
thickness and "dip.

L E
Velocity | Thickness| Dip

| f' ¥ 3
jProfile | Layer | {
| I I (km/s) | {km) | (deg) |
+ + } + %
| 75-2R l W ' 10“9 ‘ 1080 l Ooo i
| 1 | i i H
1 1 A | 2.45 | .80 | 5.0 |
| | i | | |
- ] B | 3.01 | 30 1 3.0 |}
| | ] | i {
] | B } 3.47 i «35 i 4,0 {
{ | | } | i
| i B | 3.90 . «39 i 5.0
o } + +- } 4
] 75-3R | 9 | 1. 49 ] 1.80 i 0.0 |
| i 1 | i {
{ i A I 2, 42 | +65 ] 5.0 |
| | | | i (!
] { B { 2.66 | o34 i 3.0 |
] ] l | i |
i i B ] 3.09 J .40 i 4,0 i
| ] | i | i
| | B | 3,52 | « 45 I 5.0 |
+ + + + + 4
{ 75=-2 | W | 1. 49 P 1,717 { 0.0 |
| i | | | |
i | A | 2.42 ] +59 i 2.0 |
| ] | i i |
| | a | 2.85 | .65 )} 4.0 |
| | { i | |
| i a | 3.24 { + 71 i 6.0 |
12 } 1 { —+ 4
} 75--3 i q | 1. 49 } 1.75 i 0.0 |
| | 1 | | |
| i A | 2. 51 | .78 } 2.0 1}
i | | | l !
| | A | 2. 81 ] . 84 ] 4.0 |
l i | ] | {
| | a i 3. 11 | .91 i 6.0 ]
EW ? i 1 i ¥ ]
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to 6° resulted in velocities varying from 2.42 km/s to
3.24 km/s with an average thickness of 0.65 km for profile
75~2 and velocities varying from 2.5%1 kn/s to 3.11 km/s with
an average thickness of 0.85 km for profile 75-3,

For profiles 75-2R and 75-3R it-was possible ‘to arrive at
velocities and thicknesses for a an‘sub-bottom lavyer for a
range of possible dips.. These values plus a summary of the

results of this section are shown in Table II.



35

4, REFRACTION ANALYSIS-

4,1 THE REFRACTION -DATA SET.

The reduced record sections for refraction profiles 75-2,
75-2R, 75-3 and 75-3R are shown in Figs. 4.1, 4.2, 4.3 and
4,4, respectively, A reducing velocity of 6.0 km/s has been
used and all traces have been filtered from 5 to 20 hz.. Each
set of 6 traces ({or less if particular channels were
defective) is labeled with its shot number, which is also
shecwn on the appropriate C.S.P. record (Fig., 1.3 or 1.4).. As
described previously, ‘topogqraphy has been corrected tc a
constant wvater depth of 2.0 km using a velocity of 1.49 km/s
for the water layer and 2.0 km/s for the sub-bottom material.
The 2.0 km/s for the sub-bottom is representative of shallow
sediments in this area as determined from the results of
Chapter 3. . For shots over the shallower wateré of the
continental shelf and slope, 2.0 km/s is probably too low.,
This problem was encountered for the last few shots of
profiles 75-2R and 75-3R. .

First arrival picks were made from the same plots as the
D.W.H, arrivals (Pig. 2.1) and are indicated on the record
sections by solid triangles., . Weaker and more emergent
arrivals are indicated by slightly smaller triangles., Aall
four record sections show extended wavetrains after the first
arrival breaks ‘but few coherent secondary arrival branches. .
The first water bottom multiple at the shooting ship comes in

beyond the end of the traces for most shots but is visible for
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some of the distant shots, for example at 5.6 s for shot 54 of
profile 75-3R.

Close examination of the record sections reveals many
unusual characteristics, - Some of these are consistent with
the C.S.P, records while others are not.. On profile 75-2
(Fige 4.1) a 0.2 s travel time advance between shots 38 and 39
corresponds to a fault at the foot of the continental slope,
clearly visible on C.S.P. .record 75-2. A 0.1 s advance at
shot 49 corresponds to rays traveling up through Winona Ridge
and possibly indicates higher velocity material beneath the
ridge than on either side., The furthest first arrival branch,
starting at 44 km has an apparent velocity of 9.8 km/s which
is consistent with upper mantle head waves traveling up dip. .
This would be expected if the oceanic crust is dipping towards
or beneath the continental crust. The amplitudes for this
profile are relatively uniform although increases are observed
on shot 51 and later shots,

The most striking feature of profile 75-2R (Fig. 4.2) is
the 0.25 s travel time advance centered at shot 45, This
correspoﬁds precisely with Winona Ridge and is a certain
indication of higher velocity material beneath the ridge than
on either side. The furthest first arrival branch, starting
at 48 km has a very high apparent velocity of 20 km/s. . This
could be partly due to the low velocity of 2,0 km/s used for
the large topographic correction necessary. = Using a velocity
of 6.0 km/s for the correction results in an apparent velocity
of 10.1 km/s for the branch,. , Since the proper topoqiaphic

correction velocity must be between these two extremes there
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is a strong implication that the interface from which these
arrivals were critically refracted must be dipping towards the
west since the refracting velocity is not likely to be much
greater than 8,0 km/s., Amplitudes for this profile are
relatively uniform out to about 30 km., They increase between
32 and 45 km beyond which they decrease significantly to the
end ¢f the profile.

| Oon profile 75-~3 (Fig. 4.3) a slight trével time advance
at shot 44 could correspond to either a fault or a positive

" horizontal velocity gradient. The influencé of Winona Ridge
is seen on shots 49 and 50 as a 0.2 s travel time advance,
Ihe furthest first arrival branch, starting at 52 km has an
apparent velocity of 12.0 km/s, consistent with an eastward
dipping crust. Amplitudes for this profile show considerable
variation, with weak arrivals frcm 22 to 25 km followed by no
detectable arrivals out to 32 km. They then increase to very
strong at 43 km and fade gradually to the end of the profile,
This wide variation in amplitudes could be the result of
focusing of rays by ¥Winona Ridge. ,

Profile 75-3R (Fig. 4.4) has a 0.15 s travel time advance
over Winona Ridge and a final first arrival branch starting at
58 km with an apparent velocity of 20 km/s.. As for profile
75-2R the topographic corrections are probably too small. .
Using 6.0 km/s for the correction results in an apparent
velocity of greater than 10.0 km/s, again indicating a
vestward dipping interface. Large amplitudes are observed
frcem 32 to 46 km and at 59 knm, apd very weak arrivals from 23

to 30 km and from 48 to 54 km, .
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In general the sets cf profiles shot in the same
direction are consistent with one another, . This is
particularly true for the effect of Winona Ridge and the
apparent velocities of the furthest first arrival branches.
For profiles 75-2 and 75-3 an eastward dipping deep interface
is indicated for the west side of the basin while for 75-2R
-and 75-3R a westward dipping deep interface is indicated for

the east side of the basin. .

4,2 METHODS-OF ANALYSIS-

Several methods exist for interpreting seismic refraction
data., The best one to usé for a specific case depends on the
prcfiling method and the physical characteristics of the area
of interest, Those technigues most applicable to this tyfre of
study are first arrival amalysis, synthetic seismogranm

computation and ray tracing.

1) First Arrival Analysis

This method assumes a model which consists of discrete,
constant velocity layers separated by plane; arbitrarily
dipping interfaces.,  There can be no lateral vériations normal
to the profile line, Mota (1954) derives equations for dip,
velocity, depth and thickness for the n-layer case. The
profile must be shot in both the forward and reverse
directions, Since only the arrival times of the first
refraction energy are used, much information, such as relative

amplitudes and secondary arrivals, is neglected.
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2) Synthetic Seismogram Computation

A method which makes use of the entire suite of seismic
data is the computation of synthetic seismograms. Technigues
devised to date, such as "disc-ray theory®” (DRT) by Wigginms
(1976) , impose the restriction of lateral homogeneity. For
DRT a starting model is often derived from first arrival
analysis. The firs£ arrival velocity-depth curve is used to
generate :a ray parameter vs, .distance (P—X)Icurve which in
turn is used to génerate a travel time curve, a velocity-depth
curve and a set of synthetic seismograms. The travel times
and amplitudes are compared with the real data and if
necessary, the P-X curve is altered andvthe process repeated, .
This method was used by Lynch (1S77) to analyze the set of
reversed profiles 75-1 and 75-1R taken along the eastern
portion of Winona Basin, parallel to the continental margin
(see Pig, /1.2).. Lateral variations along these lines are most

likely small, justifying the assumption of lateral

homogeneity. .

3) Ray tracing

A method which imposes a minimum in model restrictions is
ray tracing. The model can cénsist of any number of
arbitrarily shaped zoﬁes of any velocity or velocity gradient.
Rays are sent out frcm the origin at equal angular increments
and "traced" through the model by applying Snell?s Law at the
interfaces and following the app:opriate trajectory through
the gradient zones., The travel time for each ray to return to

the surface is computed and plotted on a time-distance curve
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for comparison with the real data.. An indication of relative
amplitudes can be obtained by observing on a ray plot the
spacing of arrivals at the surface; many arrivals in a short
distance correspond to increased amplitudes, <Choosing a
starting model for a conplex area can be very difficult and
requires consideration of first arrival information, surface
geology, regional tectonics and any information which can be
obtained from other geophysical methods.

Ray tracing has been used by Clee et al (1974) as an aid
in the interpretation of a detailed reflection-refraction
study near Yellowknife, Northwest Territories, and by Miller
and Gebrande (1976) and Grubbe (1976) in refraction studies of

Central Europe.

As demonstrated in Section 4,1, close examination of the
record sections in conjunction with the C.S.P. records
indicates strong lateral variations in both sets of profiles.
The travel time advance observed consistently over Winona
Ridge on all profiles indicates significantly higher
velocities beneath the ridge than on either_side., A major-
fault is indicated by profile 75-2 and possibly by profile
75-3., The high apparent velocities at the ends of all four
refraction lines indicate interfaces deep within the crust
which dip from both sides of the basin towards the center,
These observations immediately rule out synthetic seismograms
as an interpretation technique for these profiles.. The
lateral inhomogeneities are much too severe to attempt to use

a laterally homogeneous model, . Furthermore, first arrival
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analysis cannot be used for the overall sections because there
appear to be interfaces which are either not plane, or do not
extend over ihe entire profile,las indicated by the high
apparent velocities at the ends of the refraction lines. This
means that the forward and reverse lines do not have easily
~identifiable corresponding first arrival branches.

This leaves ray tracing as the only acceptable inter-
pretation technique, Information for selecting a starting
model can be obtained from refraction profiles 75-1 and 7551R
{Lynch, 1977), reflection results from Chapter 3 and
unreversed first arrival analysis of the start of each
refraction line, The first two sources provide well
established results; however, the first arrival analysis
requires assumptions concerning appafent velocities of
hypothetical reverse profiles which will give reasonable layer

thicknesses and dips..

4,3 DESCRIPTION OF -RAY

Having decided upon ray tracing as tﬁe most suitable
method of interpretation of the refraction data it was
necessary to obtain a computer program to perform the actual
tracing of the rays and produce travel time curves and ray

plots.,  The type of program needed was one which could handle
.several layers with arbitrarily shaped polygomal boundaries
and any desired velocity or linear velocity gradient. Since
no existing proqrams'in the department met these specific

requirements a decision was made to develop the program here,
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The completed program, written by Ken Whittall, accepts
several polygqgonal shaped layers as input. The velocity in a
layer is defined as being constant along its top boundary and
varying linearly with depth normal to this boundary.., Rays
leave the origin at equal angular increments over a specified
range of angles, . Since all layers have non-zero linear
gradients, all ray paths are circular arcs with radius and
center depending on the velocity and gradient., - If a ray
intersects another boundary, Snell's law is applied usihg the
velocities on either side of the interface, and a new circular
trajectory is computed from the new gradient. . The travel time
for each circular segment is calculated and uhgn the ray
eventually returns to the surface the total trével time 1is
determined by summation and plotted against its arrival
distance, . Constant velocity layers are closely approximated
by specifying a very small gradient. v

The generation of head waves is not predicted by ray
theory and requires the theory'of wave propagation for a full
description. For this reason, pseudo head wave arrivals are
generated artificially by the ray tracing program. If a ray
intersects a boundary within some specified angle of the
critical angle, critically refracted rays are generated at
regqular intervals along the boundary to simulate the upward
traveling energy associated with true head wavé arrivals. .

The ray tracing program produces a computer plot of the
model with ray paths superimposed and a plot of travel times
vs, distance for all ray arrivals, On the travel time plots,

reflected rays are identified by crosses and head waves by
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X's, The travel time plot can be reduced fo any velocity and
plotted at any scale for easy comparison with record sections
of real data., Once a good fit has been made to first arrival
travel times the concentration of arrivals on the tra#el time
and ray plots‘can be used as a qualitative neasure of
amplitudes, Fitting first arrivals for a single profile
cerfainly does not guarantee a unique model; however, if the
t:avel times and relative amplitudes can be satisfied for both
a forward and reverse profile, then the reliability of the.
model is improved significantly, although it is still not

unigue,

4,4 APPLICATION OF RAY TRACING

In order to apply the ray tracing technique to the
interpretation of a refraction profile, a starting model nmust
first be chosen, A ray plot and travel time curve are then
generated for both the forward and reverse directions and
compared with the real data.. If necessary, alterations are
made to the model until the travel time fit is acceptable and

the relative amplitudes agree qualitatively, .

profiles 75-3 and 75-3R:

To illustrate the detailed application of the ray tracing
technique the set of reversed profiles 75-3 and 75-3R will be
used,

a) The Starting Model

The starting model for profile 75-3 is shown in Fig. 4.5.
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The results of the first arrival interpretation of the set of
reversed profiles 75-1 and 75-1R ({(Lynch, 1977) are represented
by the vertical line through 24 km, and provide the only set
of constraints that extend throughout the entire crust. . The
inset shows Lynch’®s final vélocity-depth curves for these
profiles determined from a traveltime and amplitude
interpretation using DRT synthetic seismograms.

The top few layers on the east end of the section were
obtained by performing a first arrival analysis on the first
few travel time branches of profile 75-3, with an assumption
of plane, continuous layers over the first 10 to 20 km., A
computer program, based on the equations for dip, velocity,
depth and thickness for several rplane lavers (Mota, 1954) was
used to generate sets of layers with different velocities,
thicknesses and dips, all of which satisfy the travel times
for the beginning of the profile. A unique set of lavyers
cannot be determined because the profile segments are
effectively not reversed., 6K The arrivals from these layers on
the reverse profile 75-33, if present at all, are seccondary
and virtually impossible to identify. The number of
possibilities can be reduced, however, by applyinq'certain
restrictions to the velocities or dips of the layers. For
example, assuming an average velocity of 2.5 km/s for the
first sub-bottom layer is consistent with the reflection
results of Chapter 3. Choosing a velocity of 4.3 km/s for the
éecond layer is consistent with profile 75-1 but requires a
dip of 11° to the west for the first sub-bottom interface and

4° to the east for the second.. Consequently, a velocity of
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3.5 km/s was chosen as the starting value for this layer
because it resulted in both interfaces dipping to the west.
Applying the same procedure to profile 75-3R resulted in
layers with similar velocities to those of 75-1, all dipping
towards the east. Since this is consistent with the C.S.P..
record (Fig. 1.4) and a crust thickening towards the
continent, these layers were used for the west side of the
starting model for profile 75-3..

As mentioned in Section 4,2, a travel time advance is
Qbserved on all profiles for shots over Winona Ridge. This is
represented on the starting model by the block of material
with velocity 3.0 km/s. Beyond this there is no further
direct seismic information which can be used to complete the
starting model, particularly for the deeper layers. The"
choice of these layers as shown in Fig. 4.5 was made simply by
having them dipping towards the continent and intersecting the
75-1 1ayers., This is consistent uith subduction and whether
correct or not, it will be sufficient for a starting model.

Since profile 75-3R was not shot directly over 75-3 (see
Fig. 1.2), its starting model ‘is slightly différent than for
75-~3. This is necessary to reflect the differences in profile
length and topography.. The same situation also applies to
75-2 and 75-2R.

In summary, the main constraints on the models are
i) the results of profile 75-1, 1R, 1ii) the profiles being
approximately reversed, iii) the C.S.P. records, iv) current
views on plate tectonics and v) the crust thickening from

typical oceanic crust to a thicker continental crust (up to 30
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km) from Winona Basin to the continental shelf, For any model
to be acceptable it must be consistent uith these
constraints, .
b) Testing the Hodels

The ray plcts and reduced travel time curves for ray
fracing on the starting models for profiles 75-3 and 75-3R are
shown in Figs. .4,6 and 4,7, The circles connected by dashed
lines on the travél time curves fepresent the first arrival
times taken from the record sections (Figs. 4.3 & 4,4)., For
profile 75-3 the agreement is quite good over most of the
profile, the arrivals being 250 ms late at 24 km and 100 ms
late from 50 km to 60 km. For 75-3R however, the agreement is
good only at the start, which is expected because of the way
in which the initial model was constructed, and poor over the
repainder of the profile, To make the arrivals earlier over
Winona Ridge (11 to 21 km) the ridge velocity was increased to
3.7 km/s, more representative of consolidated sediments. 1In
order to greatly increase the apparent velocity of the first
arrivals beyond 50 km some of the layers against the east side
of the basin were made toc dip towards the west. These changes
greatly improved the 75-3R fit without seriously affecting the
reasonably good fit of the 75-3 model. Many subsequent trials
were made, with the travel time fits gradually improving at
each step. .
¢) The Final Models

Eventually, models were found which satisfied both 75-3
and 75-3R travel times very well. _ These models,‘uith rays

superimposed, are shown in Figs., 4,8 and 4.9 along with their
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respective trével time curves.f‘By identifying the boundaries
froem which all head wave branches were refracted, it was found
that head waves from the bottom interface never appear alcne
as first arrivals, although on the final branch of each
profile {(beyond 48 km) these arrivals plus arrivals from the.
next higher‘interface ccme 'in almost simultaneously as first
arrivals. For this reason the bottom interface is shown %ith
question marks since the first arrival travel times could be
satisfied without it. .

Examination of the model travel time curve for profile
75~3 shows that the first arrival travel time fit is very
gocd.,  The slight advance observed at 22 km was modeled by
placing the 3.5 km/s and the 4.3 km/s layers together,
simulating a horizontal velocity gradient in the vicinity of
their boundary. This same effect could have been produced by
a fault in the sedimenis, but wouLd have required a change in
the dips and velocities of these layers which would have made
it very difficult to fit the first arrival branches
satisfactorily. The early arrivals from 36 to 48 knm
corresponding td paths through Winona Ridge agree very well
with the observed travel times. The same results could have
been obtained by decreasing both the thickness of the ridge
layer and its velocity. This implies an upper limit of
approximately 3.7 km/s for the ridge velocity.

As for profile 75-3, the model-travel‘time curve for
profile 75-3R shows a very good fit to the cbserved first
arrivals. The travel time advance over Winona Ridge is well

modeled and the hiqh apparent velocity of the final branch has
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been achieved by the position of the westward dipping layers
at the east side of the basin.

The model travel time curve for profile 75-3 shows a
single head wave branch as the first arrival from 20 to 30 knm..
Being a pure head uéve arrival, its amplitude is expected to
be small in comparison with other reflected and refracted
arrivals., This branch corresponds well with the ae;k first
arrivals observed on the record section of 75-3 over the sanme
range. . About 0.3 s later on the model travel time curve a
reflected and a refracted branch coincide to create the
stronger secondary arrival which is observed on the record
section., , Similarly for profile 75-3R the weak arrivals from
22 to 32 km are generated by the head wave branch observed
over this range on the model travel time curve and the large
amplitudes from 34 to 48 km are generated by the large
concentration of arrivals observed there. .

Due to the difficulty in identifying secondary arrivals
on the record secticns, it was not possible to constrain the
models by these arrivals. Howevér, close ccmparison of the
record sections with the ray travel time plots for 75-3 and
75-3R shows that some secondary arrivals can be tentatively
identified., Elsewvhere on the sections the amplitude agreement
is generally good. Of course, it is not difficult to find
areas of apparent contradiction on both sets of profiles.,
This is to be expected since the models consist of blocks of
constant velocity material while in actual fact, with the
exception of faults, the boundaries between layers are most

likely zones of increased velocity gradient with very smocth
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lateral variations., .

Profiles 75-2 and 75-2R:

The modeling procedure used for profiles 75-2 and 75-2R
was almost identical to that used for 75-3 and 75-3R.. The
final models, with rays superimposed, are shown in Pigs. 4.10
and 4,11 along with their respective travel time curves, The
model travel time curves for profiles 75-2 and 75-2R agree
very well with the observed first arrivals, with the excerption
of the last branch of 75-2R,, The travel time advance observed
between shots 38 and 39.for 75~2 was generated by a 0.7 kn
vertical fault in the sediment layer, As with profiles 75-3
and 75-3R a velocity of 3.7 km/s for the #inona Ridge layer
generated the required travel time advance from 32 to 40 km on
75-2 and from 20 to 32 km on 75-2R. Again, this is an upper
limit on the velocity as a thinner, lower velocity lavyer could
also have been used., £ Beyond 56 km on the 75-2 model travel
time curve, head wave arrivals from the deepest interface
appear as first arrivals, corresponding to the weak first
arrival bf shot 54 (Fig. 4.1).,,  However, this interface is
still shown as guestionable since the data could be satisfied
without it by varying the overlying layers slightly.

Steeper dips were necessary on the east side'oflthe basin
for profiles 75-2 and 75-2R than for 75-3 and 75-3R to achieve
the very high apparent velocity required for the last branch
of 75-2R, which is still not satisfied., Steepening the dip
even more would certainly fit the travel times better but

since the last two shots of the profile were inadvertently
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shot over the continental shelf the large topographic
corrections required may be in error. For this reason and
also because the dip already seemed steep, no further changes
wvere made,

The amplitudes on the record sections for profiles 75-2
and 75-2R do not show as much variation as for 75-3 and 75-3R..
However, the concentraticns of arrivals on the model travel
time curves do seem to agree in general with the observed
results, For profile 75-2 the head wave branch from 12 tc 16
km corresponds to the weak first arrivals observed there and
the large amplitudes past 44 km correspond to the simultaneous
arrival of two head wave branches, ., Por profile 75-2R the
model arrivals are very uniform out to 30 km, becoming more
concentrated and extehded from 30 to 48 km, in good agreement
with the observed amplitudes. . Beyond 48 km however, the
amplitudes are smaller than swould be expected from the
concentration of arrivals on the model travel time curve..
This is possibly an effect of the continental shelf and slope

cver which this part of the prbfile vas shot.

The final models presented are by no means unique. . Other
combinations of layers could be found which would satisfy the
travel times equally well. However, by restricting layer
velocities to accepted values for similar crustal sections and
by considering only geologically and tectonically feasible
situations, it would be very difficult to arrive at other
suitable models which would not have the same gross

properties,
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5+1 SEDIMENTS-

Very recently the results of an extensive set of
reflection profiles taken in 1972 off the west coast of
Vancouver Island were made available to us by Chevron Standard
1td, of Calgary. . Several of the 2400% coverage air-qun
profiles were shot over parts of Winona Basin, and the stacked
record sections show much deeper penetration and far more
detail than our reflection profiles. However the velccity-
depth information determined frcom our profiles 1is more
accurate because our shot-to-receiver distances ranged frcnm
G.5 to 4.5 km while the Chevron data were collected using a
multichannel streamer of less than 2 km length.

One of the Chevron profiles coincides almost exactly with
C.S.P. record 75-3 (Fig. 1.4) and shows 2.5 s of sediments at
the location of profile 75-3v, almost 2 s more than our
profile shows. Down to 0.6 s the sediments appear flat lying
and undisturbed, but beyond this they are folded and deformed
possibly explaining why there is little penetration beyond
0.6 s on both 75-3V and C.S.P. record 75-3, Towards the
continent much thicker flat lying sediments occur at the foot
of the continental slope corresponding to the thick sediment
region of C,S.P. record 75-3., Whereas only 0.9 s of sediments
are indicated on the C.S.P. reccrd, 2.7 s of very strong
reflections are obvious on the Chevron section. PFrom a

preliminary and simple NMO analysis, Chevron has interpreted a
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similar section as consisting of 1.3 km of 2.05 km/s average
velocity material overlying 2.5 km of 3.7 km/s average
velocity material. These sediments are truncated sharply by a
deep vertical fault at the foot of the continental slope. . To
the east, 0.5 s of relatively undisturbed sediments overly up
to 2 s of deformed sediments. This agrees well with
reflection profile 75-3 which shows only one clear reflection
0.5 s beyond the water bottcm arrival. The Chevron section
indicates a dip of 4°- 6° indicating a velocity of 2.6 - 2.7
km/s and a thickness of 0.8 km for this sequence (see Table
II).. To the southwest the Chevron section clearly shows the
volcanic basement beneath 0.7 s of sediments on Paul Revere
Ridge, in very good agreement with reflection profile 75-3R.
The basement can easily be followed dipping beneath 1.5 s cf
sediments to the east of Paul Revere Ridge before becoming
obscured by at least 1.3 s of deformed sediments beneath
Kinona Ridge,

No other Chevron profile is coincident with those in this
study although two others were shot over the eastern part of
the basin, one 10 km south of and parallel to profile 75-2R
and another 10 km north of and parallel to 75-2. As with the
first Chevron profile, up to 3 s of sediments are truncated on
the east by a deep vertical fault at the foot of the
continental slope. To the east of this, approximately 0.5 s
of relatively undisturbed sediments overly up to 2 s of
deformed sediments. This is consistent with profile 75-2
(Fig., 3.5), which shows cne correlatatle reflection 0,5 s

after the bottom reflection. . As discussed in section 3.3,
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profile 75-2V (Fiqg._ 3.1), over the central part of the basin,
shows four reflectors within 1.3 s of the sea-floor arrival as
well as one deeper correlatable reflection (E) and one <ust
before the bottcm multiple. This corresponds well with the
Chevron data. A series of strong reflections to traveltinmes
of about 5.5 s are shown clearly, and, as mentioned above, a
preliminary analysis gave 1.3 km of material with average
velocity of 2.05 km/s.. This gives a 2~way traveltime of 1.3
s. Deeper in the section, Chevron's data indicate 2.5 km cf
3.6 km/s sediments, The interval velocity of reflector E
(Table I) is 3.63 km/s while the suggested deep reflector is
at a traveltime of 5.3 s,

Another Chevron profile 25 km to the northwest of and
parallel to profile 75-2 shows 0.7 s of sediments overlying
volcanic basement at Paul Revere Ridge, in good agreement with
reflection profile 75-2R. The basement dips beneath 2 s of
relatively undeformed sediments before becoming obscured by up
to 2 s of folded sediments which represent the buried northern
extension of Winona Ridge. .

In summary, the Chevron profiles clearly show a steady
increase in sediment thickness from a few hundred meters at
Paul Revere Ridge to about 4 km at the foot of the continental
slope. This is in qualitative agreement with the 4 - 6 kn
thickness predicted by Couch (1969) on the basis.qf gravity
data., Several features of the sections, particularly the |
deformed sediments of Winona Ridge appear to be the result of
northeast-southwest compression, This could be caused by

either slow convergence of the Explorer-American plates or
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subduction of the Explorer plate beneath the American plate.
The vertical fault at the foot of the continental slope is
similar to that observed on C.S.P. .records off the west ccast
of the Queen Charlotte Islands (Chase et al, 1975) and could

indicate a component of lateral motion resulting from obligue

subduction.,

5.2 - RAY TRACING MODELS-

Before discussing the tectonic implications of the ray
tracing models, a few words should be said about the
resolution to be expected for the various layers.. As
mentioned previously, the only constraints which apply to the
entire crust are those obtained from refraction profiles 75-1
and 75-~1R. . The uncertainty in the positions of these layers
is of the order of 1 - 2 km. The remainder of the models is
non-unique and depends on preconceived notions of tectonic
structure, The deeper layers have been chosen primarily to
satisfy travel times and variations in their positions are
possible., . The first few layers at the ends of the models are
required to fit the travel times at the start of the profiles
and‘if the velocities frem 75-1, 1R are to be assumed they
cannot vary too much. Of course this assumption would be
invalid if significant horizontal velocity gradients are
present.

In light of the data recently acquired from Chevron, it
appears at first glance that the sediment layer chosen is too

thin, However a re-examination of profile 75-1,1R results
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shows that the 4.3 km/s layer that Lynch {1977) interpreted
extends from 2.2 to 2.8 s beyond the water bottom arrival. .
One of the Chevron profiles runs approximately 5 km to the
southeast of and parallel to profile 75-1R and shows definite
sedimentary layering over the entire profile lenqgth for this
time interval., At this depth of burial it is not unreasonable
for sediments to have a velocity of 4.3 km/s. Thus both the
2.5 and the 4,3 km/s layers constitute sediments on the ray
tracing models.

A velocity of 3,7 km/s has been chosen for Winona Ridge
although making this layer thinner would have made possible
the use of a lower velocity, This implies that the velocity
of the ridge is likely not greater than 3.7 km/s, indicative
of a higher velocity sediment than the sﬁrroundinq sedimernts
and which could have resulted from compression.

The most striking, and probably the most important
feature 6f the models is the westward dipping layers on the
east side of the basin., These are required to satisfy the
very high apparent velocities on the travel time curves of
75-2R and 75-3R. The deepest point of the layvers could be
shifted by up to 5 km to either side and still satisfy the
travel times, but no configuration of layers dipping to the
east would be possible without introducing horizontal velocity
gradients., Since this part of both models is under the
continental slope itlcould represent a transition from oceanic
to continental crust over this distance, However, in going
from oceanic to continental crust a negative horizontal

gradient, contrary to the model, would be expected. .
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Regardless of the layer toundaries shéwn, there must be a more
rapid overall increase in velocity with depth for the sides of
the basin than for the center in order to satisfy the travel
times., The eastward dipping crust on the vwest side of the
models suggests a subducting plate, Perhaps the westward
dipping layers on the east side of the basin represent a
buckling of the crust in response to a receat initiation of
subduétion or increase in subduction rate in this area. .

In order that the models be acceptable, they must be
consistent with the gravity data. To check this, Clowes and
Whittall (personal communication, 1978) have performed a
preliminary gravity calculation for model 75-3 to compare with
the free air ancmaly. . Although much more work is necessafy to
remove unvwanted end effects they have shown that the model is

capable of satisfying the data.

2.3 TECTONIC SIGNIFICANCE OF WINONA BASIN

The results of this project, coupled with existing
geophysical and geological information, suggest that oblique
subduction could be occurring at Winona Basin.. If, as has
been hypothesized by some authors (ie. Riddihough, i977;
Murray and Tiffin, 1974), the triple junction has recently
{(within the past 4 m.y.) migrated from the Brooks Peninsula
area to the Dellwood Knolls, (Figs. 1.1 & 1.,2) the subduction
zone would also have had to make a corresponding shift to the
northwest, As pointed out by Riddihough (1977) convergence of

the Explorer and American plates has been obligque and very
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slow (1.9 to 1.4 cm/yr) over the past 3 m,y.; consequently
convergence without subduction is possible since the young
crust is presumabiy still warm and perhaps unable to subduct.
However if there has been a slight component of oblique .
subduction along the Queen Charlotte transform fault, a
subducting plate would already have been established prior to
the triple junction shift, The thick sediment-filled trough
with evidence of northeast-southwest compression and the bowl
like structure of the deeper crust in Winona Basin are strcng
evidence for subduction. . The westward dipping lavers on the
east side of the basin could represent buckling of the crust
in respbnse to an increase in the convergence rate following
the triple junction shift. . Similarly the deep vertical fault
at the foot of the continental slope indicates a definite
component of lateral motion, These observations are best
explained by oblique subduction between the Explorer and
American plates,

In order to get a complete understanding of the structure
of Winona Basin and the tectonic forces operating on it, more
geophysical information is needed. However the results of
this study place important constraints on the overall picture

and any conclusions made must be consistent with then.
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