No Title Page



In presenting this thesis in partial fulfilmeﬁt of the requirements for
an advanced degree at fhe University of British Columbia, | agree tha;
the Libraryvshall make it freely avaiiable for refefence and study.

| further agree that pemission for extensive copying of this thesis
for scholérly purposes ﬁay be granted by the Head of my Department or
by his representatives, It is understood that copying or publication
of this thesis for financial gain shall not be allowed without my

written pemission.

Department of e /L

The University of British Columbia

2075 Wesbrook Place
Vancouver, Canada
V6T 1W5

Date &?‘“g ZZ /222



ii

An 80 km seismic refraction line was recorded on an array
of three ocean bottom seismometers located £ km west of the
porthern tip of Explorer ridge and parallel to Revere-Dellwood
fracture zcne on the Pacific plate.,., One reversed and two
split-spread profiles have been obtained. The combined use of
rotated sV compodent and polarization filtered record sections
enabled identification and timing of the refracted S-wave on
most sections. The travel time - distance relation fcr both P
and S waves is interpreted in the intercept time (tau) and ray
parameter domain using the technique intrcduced by Bessoncva
et al., (1974). This enables application of tau inversion to
give extremal bounds for velocity-depth curves. A linearized
inversion technigue is applied to give the smoothest velocity-
depth profiles consistent with the travel time data., .
Amplitude analysis using disk ray theory synthetic seismograms
further refine the P-wave velocity-depth models,

The final P- and S-wave velocity-depth profiles show a
general increase of velocity with depth and no distinct
structural discontinuities, . A normal oceanic crustal
thickness of approximately 6.5 km and an anomalously low Pn
velocity of 7.3 km sec—1 are interpreted. h The existence cf an
abnormally thick crust (8-10 km) on the opposite side of the
ridge in Explorer plate, determined in other studies,
contrasts markedly with the results of this research, . Such a

contrast lends support to the proposal that the ccamplex
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structure and thick crust are the result of compressive
interaction between the ycung, small Explorer plate and the
older, larger North America @late., Values of Poisson's ratio
in the range of 0.25 to 0.32 are determined for the crustal
material but better resclution of the velocity~-depth profiles
is ‘'required before a meaningful geological interpretation can

be made,
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1. INTFODUCTION-

Because of its interesting and complex tectonic
environment, the region off Canada's west coast has
continuously attracted the attention cf many earth scientists
- {Vine and Matthews,1963; Vine and Wilson, 1965; Vine, 1966;
McKenzie and Parker;1967; Tobin and Sykes,1968; Atwater,1S70;
Silver,1971; Crosson,1972; Srivastava,1973; Stacey,1973; Barr
and Chase,1974; Chase et al.,1975; Riddihongh and
Hyndman,1976; Dickinson,1976; Riddihough,1977). . An inferred
trench, spreading centres and transform faults are all:
present; these outline the boundaries of the four active
plates (see Figures 1.1 and 1.2).,. The two smaller plates,
Explorer and Juan de Fuca, wedg<€d between the two larger
plates, Pacific and North America, have reoriented themselves
in the last 10 m.Y.. (Riddihough,1977)., of particular
impcrtance in this study is the adjustment of the en-echelon
spreading ridges, and prcbably also the small plates, to the
approaching trench, , Previous deep seismic sounding surveys in
the regicn have revealed ccomplex crustal structure in Winona
basin to the northeast of Explorer ridge (Lynch,13977;
Thorleifson,1978) and on Explorer plate east of the ridge
{Malecek and Clowes,1978).,. The complex structures are
inferred to be the result of interaction with the North
America plate, ., The question of whether or not the western
fiank of Explorer ridge has a normal crustal structure led to

the 1976 deep seismic sounding survey using ocean-bottcm
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Figure 1.1 Artistic conception of a general tectonic picture for

Canada's west coast (after Riddihough and Carnes,

unpublished work).



seismometers (0BS's). .

1.1 Tectonic setting of the study area =

According to Atwater (1970), the téctonic setting of -the
North Pacific 80 m.y.. ago included a large ridge/transforn
fault system similar toc that in the present South Atlantic..
Two ancient oceanic plates, the Kula and Farallon, and part of
the Pacific plate, all of which were associated ﬁith the ridge
system, have been overridden by the North American plate. -
Unstable triple point'junctions.(McKenzie and Morgan, 1969)
have led to both the activation and annihilation of trenches
and t;ansform faults with the acccmpanying reorientation of
rlate motions and spreading directions. The Juan de Fuca
plate is now believed to be a remnant of the subducted
Farallon plate, -

Recent detailed re-examination Qf thé magnetic ancmaly
patterns in the north-eastern Pacific by Riddihough (1977) has
demonstrated that the northern €nd of Juan de Fuca plate has
been ﬁcving independently with respect to its scuthern
associate fot the last 7 m. Y. . Consequently, the name Explorer
plate is designated to distingquish it.from the original
Juan de Fuca élate,, In fact, the presence of the Nootka fault
zone as the boundary of the two plates was confirmed during a
recent geophysical cruise (R.D.Hyndman, personal
communication, 1977).. |

The major tectonic features off Canada's west coast are

summarized in Figure 1.2.. Based on various geophysical



findings, Riddihough and Hyndman (1976) have ccnvincingly
arqued that subduction is presently taking place along the
west coast of British Columbia south of 509N. The Queen
Charlotte transform fault between the Pacific and the North
America plates is presently active and well defined north of
51°N.,-fhe plate boundary between 509N and 519N probably is
asscciated with oblique subduction (Riddihough,1977;
Thorleifson,1978).- To the west, the boundary of Explcrer
plate is well defined by a series of fracture zones and
spreading centres (see Figure 1.2).. The.transform fault
extending northwest from Dellwood knolls and the associated
Tuzo Wilson seapounts (focrmerly J. Tuzo Wilson knolls) are
seismically active., As well, the fresh volcanic rock dredged
frcm Tuzo Wilscn seamounts also indicates that.this feature is
-an active spreading centre (Chase,1977)..

Explorer ridge and Revere-Llellwocd fracture zone form the
pa jor part of the western boundary of Explorer plate. .
Bathymetrically, Explorer ridée is poorly outlined; the locus
of the spreading centre_uas originally defined by its magmetic
signature, - Figure 1.3 shows the interpreted ridges as the
stippled region overlain on a bathymetric map. The southern
end of the ridge is clearly traceable, whereas the'northe;n
€nd bifurcates into two -poorly defined segments which have a
trcugh-1like charactér.A Based on‘a-recent seismicity study,
Hyndman et al, , {1978) conclude that both segments of the ridge
are presently éctive although tﬁe northvest segment is

‘believed to be responsible for most of the spreading. .
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in detail in Figure 1.3.
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Figure 1.3 Location of the three OBS's and the seismic
refraction profile off Explorer ridge. The
interpreted ridge areas are stippled. Bathy-

metric contours are in meters (from Tiffin and

 Seemann,1975).



The Revere-Dellwocd fracture zone is a topcgraphic lcw
e€xtending northwest from the ridge. - The seismic refraction
prcfile which forms the basis of this study is located
approximately parallel to this fracture zone, on the Pacific
Flate, and is separated freom the transform fault by a series
of seamounts, Fiqure 1,3 shouws the locations of the three
OBS's and the 80 km line along which explosives were:
detonated, ,

Other than the work of Malecek and Clowes (1978), centred
at 49030*' and 130°W on Explorer plate, no detailed geophysical
study in the reqion of Explorer ridge has been published., The
present OBS experiment extends seismic refraction coverage to
the northvwest from the ridge, . Hyndman et al.., {1978} have

given a preliminary interpretation of these data. .

1.2 Cutline of study :

The geophysical experiments carried out on the cruise in
the summer of 1976 can be divided into four aspects; namely
deep crustal seismic sounding, a seismicity Study, heat flux
measurements and continuous seispic profiling., The concern of
this study is the deep crustal seismic sounding survey. . -
Hyndman et al. K (1978) have presented a simple interpretation
based on the conventional layered model using first arrival
travel times, Current and more sophisticated interpretaticn
techniques {(Kennett,1977) use travel times of all observatle

phases as well as amplitude information. . Such methods yield a



mecre realistic velocity-depth model of the oceanic crust..  As
well, one of the main reasons for using OBS's instead of thé
more traditional hydrophone  or sonobuoy systems is the desire
to obktain accurate information on both the P-wave and the S-
wvave &elccity structures by using 3-component recordings.
Then, Pcisson's ratio can be estimated and this leads to
speculation concerning the geolcgical properties and origin of
the cceanic crust. .

The following is a brief description of prccedhres used
in processing and interpreting the data. . Details are given in
subsequent chapteérs., The original seismograms recorded c¢cn
slcu speed, direct mode tape recorders had to be transcribed
to FM tape for subseguent digitization._  Time and amplitude
corrections are applied to account for water and sediment -
thickness variations and different charge sizes. Travel ‘time
infcrmation is derived from record sections and then inverted,
using the tau inversion technique of Bessonova et al..
{1574,1976), to give an envelope of all possible velocity-
depth mcdels consistent with the travel times for both P and S
waves, A linearized inversion technique described by Johnson
-and Gilbert (1972) is further employed to give a best fit
model for the travel time data. ., Finally the travel time and
amplitude content of the data are inccrporated into an
interpretation using disk ray theory synthetic seismcgrams
{(Wiggins,1976),.,. With this procedure, the aim is to obtain a
detailed seismic model of the crust and upper mantle in the

regicn immediately northwest of Explorer ridge. .
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2.1 Instrumentation :

Four OBS*'s of two different types (two units of each
type) were used in this study.. Hyndman et al., (1978) have
already described the field procedure for thiS experiment. .
Fdr completeness, I will outline briefly the inétruments-and
field operations, . .

Both types of instruments used are of the free-fall, pop-
up class, The first type, designed by the University of
Washington (Lister and lewis,1976; Johnson et al.,1977) -
hercafter is referred to as the PGC instrument; the second
tyée, developed by the Hawaii Institute of Geophysics
{designated as POBS by Sutton et al.,1977) has a release
mechanism modified by Heffler and Locke.(1977; and.iS‘referred
to as the AGC instrument. - Each design differed completely in
shape, size and instrnmentation., Oonly the recording'aspeqt is
of immediate concern in this study.

Both instruments record in ccntinuous direct AM mode
using a ‘4 channel tape head, The PGC instrument (see Figure
2. 1) records signals at a tape speed of 1 nm sec—! from one
.vertical and twc horizontal 4-1/2 hz geophones uith a 20 hz
time code in the first channel,  The overall frequency
response is bandlimited between 2 hz and 100 hz. - Signal
compression by a bipolar square-rooting circuit increases the
dynamic range to 80 db., The AGC instrument records signals at

a tape speed of 0,46 mm sec-t, and has a dynamic range of



Figure 2.1
(a)

(b)

10

OBS system (PGC instrument)

Photograph of recording electronics in the lower hemisphere

of the spherical housing. The tape transport and electronics
are in the upper part. Batteries and the three geophones

are below.

Launching of an OBS. The sphere containing the instrumentation
is attached to a specially designed concrete anchor for
deployment. At a predetermined time, the sphere having
positive buoyancy releases from the anchor and floats to the

surface.
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40 db and a bandwidth of 2 hz to 20 hz. . To detect the direct
water wave arrival, the Lkigh frequency output of the
hydrcphone is rectified into the time channel.  Signals are
recorded through one hydrophone and one vertical and one

horizental 4-1/2 hz geophones. .

2.2 Field data collection :

Tﬁe four 0BS's were deployed along an 80 km profile
perpendicular to the northern end of Explorer ridge and
parallel to Revere-Dellwoecd fracture 2one. - Position accuracy
of about 1 km is attained by the use of satellite"and Loran A
navigation., Two PGC instruments-(designéted 0BS1 and 0BS2) -
were launched about 5 km and 35 km from the ridge :axis, in
crust around 0.2 m.y.. and 1.2 m.y. - ©old. . The two AGC
inst;uments {designated 0BS3 and OBS4) :were deployed close
together about 75 km and 79 km frcm the ridge axis, in crust
arcund 2.5 m.y.  old., . Unfortunately OBS% failed to return and
Qas«lost.. Figure 1,3 shows the locations of the three
recovered O0BS's and the seismic refraction profile.:

Fhile cruising at a speed of 4.32 n SeC'l (8.4 kt),

2300 kg of high velocity exrlosives were detonated in 81.
alternating large and swmall shqts ranging from 4.5 kg to

180 kg in size. , This shooting pattern was designed with the
expectation that the large charges provide sufficiént enerqy
to distant 0BS?s whereas the smaller charges would not
overlcocad the 0BS*'s nearby. The charges vwere all time-fuse

detcnated at predetermined optimal depths (Shor,1963) assuming
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a constant sinking rate of 1 m sec-?, The ditch time {(time
frcm dropping of charge overbbafd until detonation) was néted.p
Direct water wave arrivals, detected with a towed hydrophone
and a low sensitivity gecphone cn the ship?s deck, and the
WWVB radio time code were recorded on FM tape. As vell, a
high speed two-channel chart recorder wvas used to monitox the
direct ‘water wavé arrivals and #WVB., , All shots were recorded
on the three 0BS's, resulting in cne reversed profile (OBS1
and GBS3) and two split-spread profiles (0BS2, leg1l and legZ)-
which cverlapped the longer ones. . The profile 0352 leg1l. is
the northwest treﬁding line to 0BS3 and the profile OBS2 1leq2
is the corresponding southeast trending line to OBS1..
In»addition to the €xplosive cﬁarges, a 16 liﬁre {1000 cu
in) airgqgun was employed to rum 30 km profiles over éach OBS
site in directicn along and across the limne., Interpretation

of these data is beyond the scope of this study. .

2.3 Pigitization and demultiplexing :

The data set for this project was originally recorded in
direct continuous AM mode {see section 2,1}, A method to
transcribe the data into digital form‘is essential and the
treatment used depends on the ipitial recording instruments
(tyres PGC and AGC) since the recording speed: of each is
different. . The only analog playback system currently
available was a Hewlett-Packard Model 3960 tape recorder. 1Its
slcwest playback speed of 15/16 ips, representing a real time

speed up of about 24 times, gives a time base which is beyond
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the present analog-to-digital conversion capability of the
marine digital acquisition system in the department
(Clowes,1977)., In order to circumvent this difficulty, a two-
stage procedure of playhack.and recording vas followed. .

 For the PGC instruments, the data is first transcribed
from AN to Fﬂ'at a playback speed of 15/16 ips (approximately
24 times real time) and a recording speed of 15 ips. . The FH
tape was then replayed at a speed of 15/16 ips, resulting in
an overall change of 1.5 times real time, for digitization at
a rate of 312.5 samples sec—1, This gives a Nyguist frequency
of 104.5 hz in real time. K The egquivalent real tipe sampling
rate of about 0,0048 sec just barely avoids-possible aliasing
problems associated with the 80 -hz high cut {24 db oct—1
rollcff) analog filter employed.. Thus, it is recommended that
a lower corner frequency for tﬁe high cut analcq filter should
be used, but the real-time digitization rate of 209 samples
sec—1 is édeguate for interpretive purposes. .

The data tape of the AGC .instrument was transcribed to FHM
mode at a playback speed of 16 times real time and a recording
speed of 15 ips by Mr. D. L. Barrett of the Atlantic
Gecscience Centre., . Replaying the FM tape at a speed of
15,16 ips, resulting in a final rate of 1,0 times real tinme,
and digitizing at a rate of 312.5 samples sec—1! gives a
Nyguist frequency of 155 hz in real.time-ﬁ No analog aliasing
filter is applied as the data are originally bandlimited
between 2 hz and 20 hz..

211 the data tapes from the PGC and AGC instruments are
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edited before digitizaticn., Overall, the data recorded by the
PGC instruhénté are of higher-guality.than the.AGC instruments
both in terms of lower ambient»ﬁbise and a less severe
ieverberation problem,, The records are digitized frop roughly
5 seccnds before the first arrival to about 5 seconds after
the direct water waves. The digital tapes are then
demultiplexed and written on new tapes., Figure 2.2 shows sonme
exangples df'the raw data, It displays significant
reverberation after the onset of the first‘arrival, a
phencmenon ccmmen to many OBS seismograms. . This particular

problem will be considered further in Chapter 3. .

2.4 Time determination and correction :

Once the data are edited, digitized and demultiplexed,
the next logical procedure is tc¢ compile seismograms into a
record section. . Before proceeding to this stage, accurate
origin time determination are required. . As mentiocned in
section 2.1, direct water wave arrivals are .recorded along
with the WWVB signal aboard the ship. Assuming a charge
sinking rate of 1 m sec—i for the meaéured ditch time, a mean
ship speed of 4,32 m sec-i (8B.4 kt), and a water velocity of
1« 49 km sec—!, the correct origin time of each shot can be
extxapolated using the;slant-path approximation, - By assuming
a vertical ray travel path, ‘all shots are time corrected to be
at the. sea?s surface,, The estimated error of this static
correction is about 15 msec, .-

Corrections for seabottcm topography and sediment



(@) oss2—s80

z

A =357Km Direct Water Wove

H2

Onee |
e R

(b)

H1

oRsSI-48 D=42.6Km

mwwwwwww

Figure 2.2

(a)
®)

a1 SEC p—
il X 1.
| " {
| i ! |
Direct
Water
—»llseclc— Wave ,

.
iu‘.v“

Examples of demultiplexed digital data plotted on a
Calcomp plotter. Note the reverberations inherent
in the OBS coda after the onset of the first arrival.
PGC instrument.

AGC instrument.

15




16

thicknesses are made by taking a reference water depth of 1.74
sec {1;way tine), a sediment thickness of 0.18 sec (1-way
time) and assuming a deep refractor (layer 3) of 6.3 km sec—i, .
Differences from these reference values are replaced by 4.5 km
sec~! paterial {layer 2) using a refracted path apprcximation. .
The 4,5 km sec—1 material and the 6.3 km sec—-? refractor are
chosen from preliminary results of Hyndman et al.. (1978). .
Water depth and sedimeni'thickness are estimated from a high
resolution pulser profile -along the refraction line (see
Figure 2,.,3) using a constaﬁt water velocity of 1.49 ko sec—i
and an assumed average .P-wave sediment velocity of 1.8 km
sec—1. (Peterson et al.,1574) ., This correction contributes an
additional error of up to 10 msec, . Since the 0BS clocks wuere
all synchronized with a standar¢ clock before deployment, an
estimate of the clock drift can be made by comparison with the
same standard clock after recovery, Error for this clock
drift correction is less than 25 msec over the recording
period for the refraction program, Thus; thevcverall total

travel time error is estimated to be a maximum cf 50 msec.

2.5 Amplitude correction :

Amplitude information is useful as a discriminant for
‘refining velccity models, since travel time data alone, as
will be seen in Chapter 4, will give rise to many possible
velccity-depth curves. Thus, it is necessary tc recover the
original amplitude.information and compensate for the effect

of instrument response, varying charge size and geometrical
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spreading effects,

In section 2,1, it was mentioned that the PGC instruments
use a bipolar square-rooting circuit to improve the dynamic
range of the recording system._. The first step undertaken to
recover the original signals of O0BS1 and 0BS2 is simply tc
apply a squaring filter.. This poses no difficulty as the data
are stored in-digital form and the unity level for sqnaiinq
has a low value (~15mv) as determined by calibration signals. .
Ffor data from 0BS3, this step is not necessary. To compensate
for charge size variations, the W2/3 relationship betsueen
charge size (W in lbs) and seismic amplitudes determined
experimentally by O*'Brien (1967) is applied. . That is, every
trace of the OBS's is multiplied by a factor ¥-2/3,

Compensation for the geometrical spreading effect is
based on the thecoretical results of éerveni and Ravindra
(1971, pi147) that head wave amplitudes decrease as 1/r2 at
large distance r. Although wide angle reflection amplitudes
vary as 1/r {Braile and Smith,1975) and amplitude decreases
near the critical distance is.of the order of 1/r3 or 1/r%, a
factor of ;2 is used on all real and synthetic seismograms. .
This provides good amplitude normalization along the profile,

enabling arrivals at all distances to be seen clearly. .

2.6 Shot to OBS distances ':
The final information needed in compiling a record
section is the determination of the shot-to-0BS distances. .

This information was compiled for the preliminary
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interpretation of Hyndman et al., . (1978)5P br,. Hyndman
provided all distances used here.  For completeness, I will
give a summary of the procedures employed., A11 direct water
wave arrivals and their multiples, corresponding tc different
travel path segments thrcugh the water, are identified.. Then,
ray tracing and synthetic seismograms as descrited by McMechan
(1€78) are employed to give a travel time - distance relation
fér.each path using an empirically determined water velocity
versus depth profile in the area. Finally, the constraint
that the computed distances between different shots and
different 0OBS's should be consistent was used as a check cn

these distances, giving an accuracy of about 0.3 km. .
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3., DATA ANALYSIS.AND. RECORD.SECTIONS-

3.1 Reverberaticn problem :

Reverberations and bubble pulses are.inheient-problems
associated with many marine seismic studies. . In particular,
Sﬁ waves tfapped in the sediment layer have proven to be the
dcpinant factor affecting seismcgrams recorded by OBS's (Lewis
and McClain,1977). This makes picking secondary arrivals
extremely difficult. In this section, I will discuss scne
initial attempts made toward dereverberation of the OBS
seismograns, .

Figure 3,3a on page 31 shéws a.tjpical trace of recorded
data.,, The reverberation stands out clearly.. Ncte that the
ncrlinearities in the waveforms are due solely to the bipclar
sguare-réot filter in the'OBS itself, After being processed
thrcugh an inverse Squaring gperator-to recover ;he original

signal levels, a digital bandpass filter was applied to the

; Location ; Sedimeht‘ 7 RF observed | ;

{ l thickness {m) - !‘ (hz}  _:1

| oBs1 | 99+ 9 | 6.98 £ 0.60 | .

: OBS2 -: 225 + -8 : 7638 £ 1,69 ':

i OBS3 i 315 ¢+ - 8§ i' 7.20 £ 1,06 ;‘
TABLE 3.1

Reverberation frequency as a function of
sediment thickness, .
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v Figure 3.1

A typical power spectrum of a seismic
trace from OBS1. This spectrum is

computed for the time interval from

‘0.25 sec before to 9 sec after the

first arrival. The shot was directly

over the OBS (8=0 km).
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data as a first step in data enhancement, Numerical
experiments using different bandwidths were tested. . Corner
frequencies a£ 5 hz and 20 hz were found to yield the best
results even though considerable ringing still persisted -after
filtering. . {see Figure 3.3b)..

Inspection of<tﬁe.individua1 power spectrum of a numkber
of seismograms at each‘site shows that most of the enerqy is
concentrated near one frequency.. Figure 3.1 shows a typical
power spectrum from OBS:1. . The frequency at which this peak
cccurs will henceforth be referred to as the reverberation
frequency (RF). A statistical ranalysis of these RF*s has been
done on all of the ;ecorded seismograms.J As well, the
inferred sediment thickness corresponding to each OBS site was
derived from the pulser profile {Fiqure 2.3) by assuming a
constant P-wave sediment velocity of 1.8 km sec—i, A
coemparison between the RF's and the sediment thickness-und;r
each OBS location is made in ?ablevsllg,'since the average
RF's corresponding to the three 0OBS locations have standard
deviations which overlap, no direct ‘relationship is inferred. -
However, this analysis does show that the reverkeration
associated with many OBS seismcqrams probably has a more
ccueplex origin than the suggesticn of an SV wave trapped. in a
sediment layer., .

The moncchromatic signature of the power spectrunm
suggests that dereverberation might be accomplished by using a
zero phase shift, frequency rejection filter

- (Kanasewich, 1975)., The filter is tuned at a frequency
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corresponding to the RF of‘each seismogram with adjustments on
the degree of notch or sharpness., Figure 3.3b,c displays a
typical trace before and after it has been processéd by the
notch filter, . Siqnificant decrease in the reverberaticn is
observed and the seismic charécter of the trace is imgrroved..
But the identification of secondary arrivals remains extrenely

difficult, .

‘3.2 REMNODE filter :

Another approach to enhancing'S-waQe-arrivals and
ginimizing the reverberations is to use a pclari:ation filier.~
Two types of such filters are feported in the literature.ﬂ
However, they are both based on the principle that P and SV
motions are rectilinearly pclarized and thus may be enhanced
reiative to the signal generated noise and randcm background
noise, As well, both types are time-varying, non-linear
filters. The first class of polarization filter reported in
this section is the 'REMODE (REctilinear MOtion DEtector) type
originally developed by the Teledyne research group {Sax and
Mims,1965; Griffin, 1966a,b; Sax, 1966) ..

Consider the vertical z(t) and tﬁe:radial (t)
seismograms as simple unit-amplitude sinusoids with no phase
difference (ie. pure rectilinear motion).. The cross
correlation function G(T) with a lag T between z(t) and ri{t)
for a uindoé length w centered at time t is expressed as

t W
G(T) = S sinlt)stnlt +T) dt (32-1)
t- v
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which after integration reduces to

G(T) = 4 {sinw)sin(zt)} sin(T)
(3-2-2)
+ -é-{w - s'm(w)c_os(zt)} COS(T)
If w is large ccmpared toc unity, then
G(T) = Fees(T) (3.2-3)

which is an even function.. By the same token, if z(t) and
r(t) have a phase lag of 900 (ie. pure circular motion), and
again if w is large compared to unity, one arrives at the

relation

G(T) =~ -¥sin(T) (3.2-4)

which is an odd function, .

Thus, the even part of G{T) can be used as a filter
function to convolve with the original time series {Sax and
Mims,1965). The even part is used because generally the
seiséograms inveclved are contaminated with randcm noise and so
rectilinear detection will be a better discriminator.  This
type of filter is both amplitude and phase dependent with
respect to the recorded signal, . To eliminate the amplitude
dependence, the filter function is nmultiplied by a-
normalisation factor defined as. the square root of the prcduct
between the autccorrelations of z(t) and r(t)., The phase
dependence is inherent and: cannot be removed. 6 The resultant
filter is referred to as REMODE 3 by Griffin (1966a).

For pure compressional moticn, the particle trajectory
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would follow the E1 component of Figure 3,2c and for pure
transverse (SV) motion, the particle motion would follow the
corresponding E2 component.: Thus, the BEMODEv3 filter can be
shaped to a P-detection filter (designated REMODE 34 by
6riffin,1966a) or an S-detection filter (designated REMODE 3B
here) by setting the product of zit)r¢t) to zero using this
'particle~-mction? criteria such that |
z(t)r(t) 2 0 for P-detection (REMODE 3A4) filter

and z{t)r(t) < O for S-détection (REMODE 3B) ‘filter. .

Basham (1967) successfully applied a REMODE 33 filter to
land-recorded, P-wave codas as an aid in the identificaticn of
different phases of P-ar:ivals.v Yet to my knowledge, no
attempt at using a REMODE-3B filter on marine seismic data as
an aid in the identification of S-wave arrivals has been
published. This fact and fhe isportance of identifying S-wave
arrivals provided much of the impetus to explore the
feasibility of using REMODE 3B filters as an interpretation

aid for OBS data (see section 3.4).

3.3 Principal component analysis :

In this #ection, I will discuss the type cf time-varying
filter introduced by Flinn (196S) and modified by Montalbetti
and Kanasewich ¢(1970), PFollowing Souriau and Veinante. (1975),
a twc-dimensional analysis is given here. For convenience,
this type of filter is hereafter referred to as COMA2L {(2-
Dimensional COMponent Analysis) filter,

Assume for simplicity that two orthogonal seismometers
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are oriented in a fashion such that one is parallel tc the SV
particle motion and the‘other is parallel to the P motion. . In
this way, the covariance matrix

bP  CX

M = | (3.3-1)

cX DS |
for a set of N observations taken over the two seismograms
will have a simple geomet;ical'interpretation in Euclidian
vector space, . In equation 3,3-1, DP and DS are the
corresponding variances of the seismogram~recorded P and SV
motion, while CX is‘the covétiance between [P and DS. . The

e€eigenvalues of M are

11 = (DP + DS + d)/2
(3.3-2)
and ‘12 = (DP # .BS - 4)/2 ~
~in which d = {(DP-DS)2 + ucxayi/2
such that 1% 2 12 2 0.
The corresponding normalized eigenvectors are
x1 = {cos a,cos b)
' (3.3-3)
X2 = {-cos b,cos a)

The components are simply directicn cosines between the
vectors and the direction of a rotated seismogram such that

cos2 a = (DP - DS # d),/24
¢ y/ (3.3-4)

cos2 b = (DS - DP + d)/2d
In terms of Euclidian_geometric space, X1 and x2 are in the
direction of the major and the wminor axis of an ellipse with

lengths equal to the square-roots of the eigenvalues., . For

pure rectilinear motion, 12 is close to zero while for pure
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circular motion 12 approaches the value of 11..  Thus the
filter fungtion'
| | F1(t) = 1 - 12/11.
would enhance all rectilinea; mction., But ocne ‘can furthgr
shape the COMA2D filter into a P-detecfion or aAS-detection
filter by cascading the filter=function F1(t)-uith‘ancthet
directicn-oriented function |

F2(t) = cos b for P-detection filter

or F3(t)

i

cos a for S-detection filter, .

The filtef functions F1(t), F2{t) or F3{t) are all taken over
a specific time windpw ¥, similar to the REMBODE filter, and
these are then used as pcint by point gain controls on the
original time series., But first, these fiite; functiqns are
all smoothed in a smaller window in order to subdue any
ancmalous spikes (Montalbetti and Kaaésevich,1976)m,

This kind of time-varying, nonlinear filter has been
applied on land seismic data (Flinn,1965; Montalbetti and
Kanasewich, 1970; Souriau and Veinante,1975; Spence,1976) with
prcmising results but no work has yet been published-on marine

seismic data. .

3.4 Application to data :

The seismograms have to be rotated before the application
of the REMODE and the COKA2D filtefé., Since all OBS's uséd
{both PGC and AGC instruments) -are of the free-fall pcp-up
class, orientation of the horizontal seismometers is not known

and must be determined. . First,.the"mean azimuthal angles of
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approach {(«) of the seismic energy with respect to one of the
horizontal compdnenté are determined using the relative
amplitudés of the two horizontal seismograms over one and a
balf cycles cf the direct P-uwave arrivals. , Second, the twc
horizontal seismograms are then resoclved into the radial and
the transverse components {see Figure 3.2a).. Third, the angle
of incidence of the seismic ray 1@) is found frcm a particle
motion plot (between the radial ‘and the vertical~compcnents)
using one and a half cycles of the direct P-wave arrivals.
Fourth, the radial and the vertical components are further
rotated into two orthogonal components C1 and C2 or E1 and E2
(see Figure 3.2b,c).., The rotaticn to C1 and C2 is required
befcre the application of the REMODE filter since C1 and C2
are both 459 apart from the angle of incidence.énd so share
approximately equal energy., Thus the even part of the cicss
correlation function G(T) between C1 .and C2 would be maximized
. {see sectién 3.2).. On the other hand, the rotation to E1 and
E2 facilitates the application of the COMA2D filter as they
are separately parallel to the direction of1the P and sv
particle motions. .

Table 3.2 tabulates ﬁhe angles o and @ used for rotation
of all the seismograms., fhe values shown are based on a
étatistical analysis done on all the particle mction plots
from each individual seismogram.:fsince the AGC instrument has
cnly one horizontal geophone, it is taken as the radial:
component to be used in determiping the anglev@.g Both

tabulated angles o and @ are believed to be as accurate as



(a) about vertical component

: o is the azimuthal angle of

approach. il
+T\\ k’//;’//,+R
-H2 +H2
a
-H1

(b) about transverse component (for REMODE filter) : B8 is

the angle of incidence. ]
7
+C1 vz
’
wfa,)
"’ /4 +C2 .
, /’
-R +R
B
-2

(c) about transverse component (for COMA2D filter) : B is

the angle of incidence.

2 m
R _+R
\+E2 | )
B
-z

Figure 3,2 = Seismogram rotation diagrams.

29



30

possible with the given data and are.consistent with the
relative amplitudes of the 3-component seismograms. 6 However,
ap analysis using the preliﬁinaiy layered velocity-depth mcdel
of Hyndman et al. {1978) showus tﬁat ﬁ'should be in the range
of 130 to 240,  Only OBS2 has [3 lying within this range-and
even allowing for large variations in @ determined frem a
layered model, the f35 éf OBS1 .and OBS3 are anomalous wvith
respect to the expected value., Part of the discrepancy may be
due té the data analysisnyrocedures, especially for OBS3 in
wﬁich the horizontal component was taken as the radial
ccoponent, . Another reason for the differences probably
invclves near-surface inhomogeneities which would distort: the
upgoing ray raths. . |

After the seismogqrams have been rotated,vthe‘optimal
rarameters for the filters must he=dete:mined., Aftei some
npunerical experiments, a window length of half a second was

chcsen for both the REMODE and the COMA2D filters. ‘The tinme

; Location i Alpha 1629)  i Beta (deg) E

| OBS1 | 42.6 % 2.99 | 51.3 £.3.08 |

i 0BsS2 :' 44.3 £ 3.05 -‘ 17.0 = 2.22 ':

,: 0BS3 1 : 63.4  3.29 .:

1 N A - :
TABLE 3.2

Angles alpha and beta from particle motion
analysis., .
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0BS1-01 A=74.2Knm

(@ ~ | ORIGINAL RECORDED SIGNAL
s WWNMWAMMMAMN\/\/\ANMNV\MMWMW\MW
(b) | BIPOLAR-SQUARE AND BAKDPRSS FILTERED -

2
SECOND

Figure 3.3 Seismic signals before and after filtering. Amplitude
for each trace is scaled arbitrariiy for display
purposes. ’

(a) Originai recorded signal.

(b) Bipolar-square and bandpass filtered.
(c) Notch filtered with a notch at 6.3 hz.
(d) Rotated SV component.

(e) COMA2D filtered.

(f) REMODE filtered.
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lag used for the cross correlation in the REMODE filter and
the smoothing window used for the filter functions (see
section 3.3) in the COMA2D filiet are found to yield best
resultsvif'they are set at one-third of a second.. Fiqure 3.3
displays a typical trace before and after ‘it has been
processed by the REMODE (3,3f) and the COMA2D: {3.3e) filters,
Both filters have reducgd.the'reverberaticn»considerébly,
#ith an accoméanying tradeoff of loue:‘signai-tc-noise ratio. .
However, the enhancement of -the PSS phase (refracted S-wave)
is quite distinct. The reason for the phase difference of
1809 observed between the different filtered traces is
uncertain but may be due to the analysis program.. In general,
based on a number of trijals on different seismogiams at -
different epicentral distances, results (not shovn)-fromithe'
CCGMA2D filter are more encouraging than the REMODE filter. .
Figure 3.4 shows portions cf a COMA2D filtered record
secticn of OBS1 data. This section can be compared with the
rotated SV component record sectiqn as shown in Figure 3.9. A
single trace coamparison is given in Figure 3.3d,e. . In.
general, thg rotated SV component data display a larger
reverberation characteriétic while the COMA2D filtered section
is nore spiki., Because of-ihis,'the-signal-to-noise'ratio on
the -rotated SV data is ccnsiderably highe:,d For 0BS2, the
rotated SV record sections showed clear PSS arrivals so
additional filtering was unnecessary.. However, for OBS1,
timing of the PSS phase :equired the combined use of both

tyrpes cf sections, especially fcr the larger distances. .
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3.5 secoid sections :

Figures 3,5 to 3.8 are vertical component, bandpass
fiitered record sections compiled from the seismograms
recorded by each 0BS5S, - ‘Both the-PPP-phase»(tefrécted P-vave),
and the PPS phase'(converted S-wave at the sediment-basement
interface) are shown., The PSS rhase {refracted S-wave)
aépears in the rotated SV component, bandpass filtered ;ecord
sections displayed in Figures 3.9 to 3.12.. ﬁote thét'the EPP
arrivals shown in Figures 3.5 to 3.8 are simply overlain .cnto
the SV component sections. All seismic traces shoun in“these
figures are both stafics corrected and amglitude conpensated
as discussed in sectionS'Z;Q and 2,5, Timing errors cf -the
PPP and the PSS phases are estimated to be 10 and‘SOImsec,
respectively. - These errors, plus the error of $Ormsec
asscciated with the timing corrections (see secticn 2.4), are
used in thé tau and linearized inversion schenes. .

The onset ¢f arrivals in 0BS3 (Fiqure 3.8) coﬁld be
Ficked confidently only to a distance of 40 km. Times for
distances greater than 40 km are determined using the
constant, observed interval time of 1.15 sec between the EPP
and the PPS phases, and the capability of identifying the
latter arrivals. Dqé to the more severe inherent instrumental
reverberation prqblem of 0BS3 (AGC instrument), the travel
time bianch of the refracted S-wave is masked (see Figure
3.12) .,

The irreqular trend of the onset of the PPP arrivals in
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Figure 3.12

Rotated SV component bandpass filtered (5-20 hz) record section of OBS3. All traces
have been amplitude correcteéd. The PPP phase shown in Figure 3.8 has been super-

imbosed. The PSS phase could not be identified.
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OBS1 and 0BS2 leg 2 are kelieved to be caused by near-Surfacel‘:
lateral velocity inhomogeneities or structural changes. . Sudﬁ B
a suggestion is consistent with the uppermost crustal
structure shown in the pulser profile of Figure 2.3,:'Ihere
ar€ some indications of the same trends for the PSS phaéé'but
the identification of the onset is so difficult that.minor
perturbations are smoothed over. .

Besides the three identified phases, no clear secondary
refracted or reflected arrivals could be séen on any of :the
record sections., This is important in terms of the
interpreted velccity-depth curves.,, Except for 0BS3,
significant iﬁcreases in- amplitude in particular distance
ranges are chserved for both the PPP and the PSS phases. . Fron
the record sections, these are in the range of 30 to 35 km for
OBS1, 34 to 42 km for OBS2 leq 1 .and 26 to at least 36 km for
OBSZ legqg 2, respectively., . However, the amplitude increase of
Q0ES2 leqg 2 is less pronounced tham on the»other”tWO‘secticns.y
Apart from the distance'ranges"just-mentiongd. amplitude
variations with distance are relatively .smooth and simple,
except for OBS3 in which the.reve;beration is particularly
severé and gquite unﬁredictable., The sudden fade-out of |
ampliiude beyond 55 km, and at travel times greater than the
EPS line, is not visible on‘the reverse line of OBS1 or the
partly reversed profile of 0BS2 leqg 1.. No apparent reason
could be found exéept it may due to the instability of
instrumental response, as the hydrophone was found to operate

intermittently, Therefore, no amplitude analysis has been



dcne for the data frcm OES3. .
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4.1 Tau inversion :

The tau method (Bessonova €t al,,1974), a powerful*trével
tige inversion technique, is particularly applicable to marine
seismic data. Often, the assumption of a laterally
homogeneous velocity distribution, which is alsc a piecewise
ccntinuous function of depth with a physical lower bound
velocity within a low velocity zone, is well satisfied, -
Therefore, this inversion method has been incorporated by
several scientists {(Kennett and Orcutt,1976; Orcutt, 1976;
Kennett et al., 1977) into a standard processing procedure for
interpretation of marine refraction profiles.

The tau method is based on :the theoretical results of
Gerver and Markushevich (1966), in which the travel time data
are interrelated with a velocify depth curve V({y) through a
fupction TpR).,

YGp)
Tp - pXp = P = 2| [ -pl™dy (4.1-1)

o

where T and X are the travel time amd distance from socurce to
receiver, p is the ray parameter, u is the wave slowness
V—1(y), and Y is the depth at which the ray with paranpeter

¢ turns, In equation 4.1-1, Y(p) can be expressed (Gerver and

Markushevich,1966) as

Ypr = ¢ + Y (41-2)
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such that

1 ’ X ( )'
¢()=T '11'2‘\i
¥ “L[i‘-r]‘ {

and

: 3% " t
R ) s
i Y, 9, - P

The function $(p) is the usual Herglotz-Wiechert integral.
The additicn of the term W(p) is a generalization which
includes low velocity zones;_iv and y, are the depths to the
.top and bottom of the i-th lou.velocity zone respectively, .
q, ©Op) is the ray parameter for the i-th low velocity Zche
which produces a shadow in the travel time data.

However, it can be shown (Eessonova et al.,1976) that
equation 4,1-1 is just Abel's equation.. By a modificaticn of
equation 4. 1-2, the the corrgspoﬁding inversg formula can be

determined tc oktain ‘
wp)
= A 1 dT (41-3)
Y(‘?) m Jo [\)z(t) _ r:Jr/z

such that T(p) and WI) are mutuvally inverse functions of each
other,  Using equation 4,1-3, the extremal bounds for the.
velocity function can be constructed using the:technique'

intrcduced by Bessonova et al.  (1974,1976). . A brief
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description followus,

Recognition.of the functiocn T{p) as a singular soclution
of Clairaut's egquation, with the travel time curve T(X) as a
free term, is important for the stable estimation of T{(p) from
a discrete number of poinfs on the observed travel time curve.
From equation 4,1-1, T versus X curves for a specified range
cf p values can be constructed (since T(p) is known). . The
above-mentioned mathematical property implies that T(X,p) has
a single staticnary point T(p,) for every constant ray
parameter p,. Thus, by finding all the extremal points of the
function T(X,p) over an interval of p, the travel time data
are mapped onto the T-p plane., The advantage of working in
the T-p domain rather than the p~X plane (McMechan and
¥iggins,1972) is that T is a single-valued, monctonically
decreasing function of f, while p may be a multi-valued
function of X. . Also, derivation of T in this way is not
sensitive to errors in p since a first order error in p only
propagatés a second order error in T (Johnson and
Gilbert,1972) and this is important for the construction of
the function T(p) from a given set of travel time data.. This
makes the error in T(p) of the same order as the error in
T{X), so that the two extremal bounds of .T(p) can be
determined,. As well, the bounds of ‘the inverse function Y{(T)
are calculated from the bounds of T{p).. Estimation of the
extremal bounds of the velocity-depth function V({y) is
obtained from the integration of equation 4.1-3 and cocnversion

frem Y{p) to V{y)., Finally the extremal bounds are
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interpolated with a cubigvspline._ These bounds, however, only
lieit all possible velociiy‘structures thét-fit the observed
travel time daté within its error tolerance.; Thus, any
velocity-depth curve that lies githin-thevextremal»bcunds does
not necessarily represent a true profile in the region of
investigation, . | |

The above'formulation is completely general and the
presence of one or more low velccity zones is alloueé.“ A low
velocity zone. in the velccity-depth curve is represented by a
sharp jump of T at constant p in the T-p plane, just as there
is a sharp discontinuity of X at a constant p in the X (p)
domain, |

The time—distancé'relations shown in figure5»3.5 to 3.12
are mapped onto individual T-p fplanes as described above.  The
alterﬁate spline smoothing technique {Kennett,1976) cr the
tpclynomial fit' method. {Bates and Kanasewich, 1976) are nct
used, since for the data of this study, the mapping to the
T(r) plane is numerically stable. 6 No distinct jump of T
values is observed in ‘any of ‘the data; consequently, no low
velocity zone is inferred.;~The,extremal-bounds»oﬁ-the,
function T(pi are then inverted to give the corresponding
bounds in the function Y (p) and then V{y)..

Figure 4,1 shows the extremal bounds of the velocity-
depth profiles for both P- and S-wave data recorded on the
OBS's, . Since the seismic refraction experiment was not-
designed to sample the surficial sedimentary structure (layer

1 and possibly layer 2), the bounds in Figure 4,1 for the
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uppermost kilometer are not based on the data set.,, They are
an extrapolaticn from velocity bcﬁnds at a lower depth to the
water vélocity at the ocean bottom,  The extrapolation is
essential to the inversion scheme so as to .preserve the tctal
travel time behaviour frcm source to receiver. . Analysis of
the reflection and shallow refractién data recorded over the
same array of OBS?®?s using an airgun source (see sectiocn 2.2)
should grovide:more information on the structure of the
uppermost crust, K However, such a study is cutside the scope

of this thesis.,

4,2 linearized inversion :

The linearized inversion method of interpreting-travel
time data (Johﬁson and Gilbert,1672) also is vefy applicable
to marine seismic data because the assumption of a laterally
homogeneous velocity disiribution is often well satisfied. .
Hovwever, this technique has suffered from the criticism_that
it requires a good starting model. . With the cdmplementa:y tau
inversion method, there is no difficulty in picking such a
rcdel. . In fact, Kennett (1976) has shown that the final model
is only weakly dependent on all initial models that are within
the extremal bounds. Thus, the mean of the extremal bounds is
chosen as a starting model for the linearized inversion. .

fcliowing Johnson and Gilbertl(1972), the function Ti(p) -
is used as the datum for the linearized inversiocn scheme. . To
first order of apéroximation, $T{p) can be treated as a linear

fﬁnctional.of ﬁu(y) {Julian and Anderson, 1968) in equation
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4, 1-1 such that

X(p)

- Wy ) Suly) 4 (4.2-1)
ST = ZJO fotp - P17 o

Thus, $§T can be expressed as a qembination of kermels G; (y)

and velocity functions sc that

Y-.(?)
T, = G4 mly) 0\3 (4.2-2)
in which
M(%) = JE&Q— = —-é!gl
uly) V(y)
and
Gc(‘s) = 2uly) )y o€y < Ym(p)

- o) ) 3 2 Ym(?)

In equation 4.2-2, Y, (F) is the paximum depth to be considered
in any velocity model.

Using the technique described in section 4.1, a set cf N
values Typ,) with variances ef-can be constructed from the
observed travel time data., Further, if 9iare thé differences
between the cbserved T (p;) for the real earth and the fﬁpc)

calculated from a particular trial model, and if 'ﬁ are sgall
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with respect to T;, then 5Tkin equation 4.2-2 can be replaced
by 9Lin the hope that a minor perturbation of m{y) could
bring the trial model into agreement with the observations.

Therefore, the condition (Johnson and Gilbert, 1972)

Ym‘f) A
L-8 ¢ | apmudy ¢ N+ 8 (42-3

[+)

= \)....,N
is required. In order tc satisfy equation 4.2-3-in a least
square sense and simultaneously avoid the singularity in

G;{y), equation 4,2-3 is first integrated by parts. Thus

Yelp)
QL-S; < j Jymldy + Juomo) < Y + 0 , (42-4)
b _
(',:\)....,f\)

such that

Yol

3“_(\5) = I G(((.S) ds
Y

is a set of new kernels and the. prime denotes differentiation
.with respect to y. Jt(y) can be interpreted physically as the
travel time from the level y to the depth at which the'ray
with parameter p turms.,, A discontinuity in the velocity~-depth
curve at a depth y=c could be accounted for by the -
introduction of an additional term Ji(c)[m(C+)-m(c-)J,; Thus,

J.

¢ cculd be calculated easily fcr any trial model. Then,

using the *flattest? perturbation criteria of Backus and
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Gilbert (1969), i.e. the search fo: the minimum of the .
function
T(p) . _
—;' [M'(lj)]z dj +t 7 m*(o) | (f'2'5)
[o]

subject to the constraints of equation 4.2-4, a final model is
achieved after successive iterations. ; This final ﬁgdel, which
has the tendency to minimize velocity gradients ié more .
realistic than the conventional layered model. . Also, the
final model is more :consistent with freguentl&:observed
results frem recent seismic refraction studies than is the
layered model;: namely the presence of prominent first arrivals
and the general absence of distinct secondary arrivals, except
in scﬁe instances for wide-angle reflections from the M-
discontinuity (Crcutt et al.,1376; Whitmarsh,1S78). -

Vélocity-depth curves derived from the appliqation of
this linear inversion method to the travel time data for toth
P and S waves are shqwn in FPigure 4,2, Again for -the reason
given in section 4.1, all velocity-depth structures in the
uprermost kilometer are not derived from the data set. The
curves shown represent extrapolation from velocities at a

lower depth to the water velocity at the ocean bottom. .

4,3 Synthetic seismograms :
The two inversion procedures discussed above are based on
travel time data only,  Interpretation using synthetic

seismograms makes use of the additional information contained
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in the data,'nameiy amplitude changes along the profile. . Such
infcrmation puts additional constiaints on accepiable
velocity-depth models.  No joint inversion technique using
both travel times and amplitudes has been published, but
theoretical work in this directiocn is being pursued by some
researchers,

In this study, synthetic Seismogfams are calculated by
the disk ray theory (DRT) approach described by Wiggins
(1976), and for which tke theoretical derivation is provided
by Chapman (1876a,b).. The advahtages and disadvantages of DRT
calculations have been discussed by Malecek and Cicves {1578)
in the first published interpretation of marine seismic data
using DRT synthetic seismograms., The most important aspect of
the DRT method is that it is computationally efficient and
thus inexpensive,, Many models can be tried, facilitatinq'the'
desire to obtain the best fit of computed travel times and
amplitudes with the observed seismograums, ,
| | The use of the computer algorithm, HRGLTZ, {(cocded by
R.A.¥Wiggins), in which the DRT ccmputations are made can be
related to the basic éguation Q)}ﬂﬂ;; In this equation, the T

terns can alsc be expressed {Wiggins and Madrid, 1974) as

P
T [ xp g (43-1)
, ,

such that the equation can be re-written as

P
T(’,,x) = l>x + er(l,)df (4.3-2)
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where P is the paximum p value, Equation 4,.,3-2 relates the
travel time of an arrival to the area under the X (p) curve., .
Sisilarly, the amplitude of an arrival can be expressed as a

function of p and X through the relation
A, XY = FGx)|E|™ (4.3-3)
p- = P+ 7 71X | 3=

In egnation'a.3-3, F(p,X) is a slowly varying complex function
cf p and X ccmpared to the seccond factor, {jdpsdxjir/2

{Bullen, 1965). . Thus to a close approximation,veguation 4.3-3
relates the amplitude of an arrival to the square root~6f thev
- slcpe c¢f the p-X curve, . Because of this direct relation of
the X(p) curve to travel times and amplitudes, synthetic
seismogram:-calculations using DET are best done with input in
the p;x plane rather than in the velocity-depth domain
(Hiégins and Madrid, 1974; McHechan,1976). .

To obtain initial models, E-smave velocity-depth profiles
frem the linearized inversion {see Figure #4#,2a) are used in
the program MDLPLT also‘sritten by R.A.Wiggins. This progranm
interpolates the input velocity-depth profiles and generates
the corresponding p-X curves. These form the input data for
HRGLTIZ to compute the DRT theoretical seismograms for
comparison with the observed OBS records, . Since the input p-X
curve has satisfied the travelﬁtime,relation in a best fit
sense, simultaneously changing the slcpe of the p-X curve and
keeping the area under the curve constant will produce

synthetic record sections with different amplitude
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characteristics but identical travel times. . This trijial-and-
error proceduie is repeated until an acceptable fit of the
synthetic seismograms to the observed data is attained. .

Figures Q,B'to 4.5 show the DRT synthetic seismograms for
prcfiles 0BS1 and 0BS2.  The source wavelet which was
convclved with the calculated DRT impulse response is given on
the upper :ight., It was derived from a clear first arrival on
the OBS2 profile. 1In Figure 4.6, the velocity~depth profiles
corresponding to the synthetic sections are displayed. .
Synthetic seismcgram matching was not -done for 0BS3 (AGC:
instrument) since the amplitude information was considered
unreliable, as discussed in section 3,5. Also, no attempt was
made toward the modelling of the PSS phase at all since nc
suitable computer algorithm could be implemented. .

Figqgures 4,3 to 4.5 compare well with the observed data
- (PPP phase) shown in Pigqgures 3.5, 3.6'and.3.7.v Note
particularly that the irreqular trend of ‘arrivals probably
caused by surface velocity inhomogeneities cannot be modelled
by DRT. . As well, because the starting model is chosen frcm
the linearized inversipn interpretation, preference is given
to velocity-depth models that possess the least changes in
velocity gradient rather than step-like increases in velccity

- {s€€ the sketch below).
Velocity
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The preferred model does nct produce prominent secondary
arrivals, consistent with the observed data. . But, depending
on the gradient between *layers?!, the smoothly layered model
may produce such phases., However, in testing this point, it
has been possible to generate a-set of synthetic seismoqranms,
sigpilar to those shown in Fiqures 4.3 to 4.5, from smcothly
layered models with small velocity gradients. . Thus, fine
structural details of velocity~-depth profiles cannot be
resclved with the existing data set, ;. The P-wave velocity-
depth profiles shown in Fiqure 4.6 represent the most. likely
nodels consistent with both travel times and amplitudes of the

observed seismogranms,
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5, .DISCUSSION -

Velocity-depth curves {(Pigures 4.1 and 4.2) derived froam
the travel time inversicn techniques discussed in sections 4,1
and 4,2 are based on refracted first arrival times (PPP and
PSS phases) only. . Thus, details of any structural transitions
are concealed and cannot be resclved (Kennett and Orcutt, 1976;
Kennett et al,,1977). HWith the aid of DRT synthetic
seismogram modelling procedures, the P-wave velccity-depth
models from linearized inversion are further refined (Figure
4,6) to satisfy both travel time and amplitude
characteristics. .- Since no amplitude analysis has been done to
refine the S—-wave velocity-depth curves after lineaiized
inversion, those displayed in Figure #4.2b are considered
final, though by no means unigue. Unless othervise stated,
these S-wave .velocity-depth profiles together with the DRT P-
wave velocity-depth models {(Fiqure 4.6) are used for
interpretaticn purposes.

Both the P- and S-wave models display a very high
velocity gradient in the uppermost 0.5 km of the crust with a
sharp decrease at a depth of 1 to 2 km below the ocean floor,. .
4s discussed before, the data do: not define well the velocity
structure in the uppermost kilometer, but to reach. the
velocity values at greater depths, a substantial gradient  must
exist, . Recall from section 2,4 that an average sediment
thickness of 324 km (0.18 sec 1-way time at a velocity of 1.8

km sec—1) is assumed._  In terms of conventional
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interpretations which subdivide theuoceanic crust intc layers
{e.g, . Houtz,1976; Whifmarsh,1978); the changé:in velccity
gradient is correlated with the transition from layer 2 tc
layer 3, The transition is believed to represent a |
ccrpositional change frcen metabtasalt or diakase to gabbro
{Peterson ‘et al;,197u) or a structural: change from brecciated
dikes to sheeted dikes (Salisbury and Christensen,1978).

The boundary between layer 3 and the uéper mantle (the M-
discontinuity) is not-clearlj defined on the velocity-depth
curves for either P.-or S waves.. But a close examination cf
Figures 4.2b and 4.6 shows that a slight change in gradient
cccurs at depths betveen 8.8 and 10 km. In particular, the P-
wvave model, which is better ccnstrained, shows a visiktle
gradient change at depths of 9.2 km for OBS1 and 8.8 km for
CBS2 leg 2 althcugh 0352 leg 1 reveals-noléomparable-chanqe.,
These changes in gradient are interpreted as representing the
transition from crust to manile, giving a sub-bottom crustal
thickness in the range of 6,5 kB, On the basis of this
interpretation, upper mantle apparent velocities lie in tkhe
range from‘6.9 to 7.8 km sec—?t for P waves and 3.9 toc 4.6 knm
sec—1 for S waves uherefthe lower values are from OBS1 and the
higher ones from 0BS2 leg 2. -

This asymmetry in upper mantle velocities: could be seen
in all velocity-depth rrofiles (Figure 4.1, 4.2 and 4.6)
derived in chapter 4. In fact, the asymmetries exist not omnly
between OBS1 and OBS2 leg 2 but between 0BS1 and all ghe cther

OBS's at depths greater than 6 km., . As the analyses are based
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on a laterally homogeneous model, the asymmetry in velocities
suggests that the crust-mantle interface dips away from the
ridqe, By assuming reversed upper mantle apparent P-wave
velocities of 6.9 and 7.8 km sec—! and a dipping M-
discontinuity underlying an assumed homogeneous crustal~layer
of 6 km sec—1, a P-vwave velocity ¢f 7.3 km sec—! for the upper
mantle is determined. The calculated dip is approximately 100
away from the ridge., Changin§ the assumed velocity cf the
overlying crust does not alter the end result significantly.,
A simila; calculation using S-wave values yields an upper
mantle velocity of 4.2 km sec—%, assuming an average S~wWave
crustal velocity of 3;3 kn sec—3 corresponding toa Pcisscn's
ratio cf 0.29 {Christensen and Salisbury,1975). Since the
partly reversed profile between dBSB and 0BS2 leg 1 displays
only.a small asymmetry in vélocities {Figure 4. %a and 4.2a),
the dipring crust-mantle interface probably is confinéd
principally to the region {35 km ig length) betueen OBS2 and
the ridge axis., This suqgests that the M-discontinuity dips
mcre steeply near Explorer ridge than it does-férther from it. .
The foreqgoing interpretation of crustai thickness (~6.5
km) and upper mantle P-wave velocity (7.3 ko sec—i}) lies
within the iange reported for cther studies near axial zones
{Le Pichon et al.,1§65; Keen and Tramontini,1970; Talwani
et al.,1971; Poehls,1974). 1In éqﬁtrast, a recent seismic
refraction study over Juan de Fuca ridqge (Davis et al., 1976)
suggested an abnormal crustal thickness of 10 to 11 km, . The

crustal thickness as interpreted was due to a localized low
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velocity mantle near the spreading ridge and directly under
the OBS?s., . This caused a time residual to be cbserved even
though the travel time branch corresponding to mantle arrivals
would be correctly representative of the apparent:-velccity
along the ridge flank, As a result, the delay in intercept
tipe would be interpreted erroneously as a deep interface.
They also recommended that the above explanation could be
checked easily by reversing the cross profile or simply by
doing another refraction line on the flank, = Malecek and
Clcwes {1978) have done both in a seismic refraction
experiéent over the southern Exgplorer ridge and on- Explorer
rlate.  However, their results still regquired an anomalously
thick crust of 8 to 10 km. ., As well, Pn velocities ranging
frem 7.8 km sec—1! perpendicular to the ridqe to 7.3 km sec—1?
parallel to it were interpreted from the reversed profiles. .
These authors suggest that the abnormal crustal thickness ray
be the general tectonic result of two small plates jammed
betveen twc large plates. - In particular, they postulate that
the cause may be due to the: *bunching~-up® effect of the ycung
crust (3.5 m.y.) of Explorer plate on %collision? with the
giant North America plate., . Whether the proposed hypothesis is
ccrrect or not is a subject -0of conjecture and future research, ,
However, the common occurrence ¢f an anomalously thick crust
in Explorer plate and possibly Juan de Fuca plate is required
to satisfy all existing seismic refraction :studies, the twc
mentioned abéve plus those of Lynch (1977) -and Thorleifscr

{1978) in ¥ipona basin.
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No further attempt is made here to explain the existence
of an anomalously thick crust (8-10 km) in Explorer plate.
But the normal. crustal thickness (~6.5 km) and anomalously low
P-wave upper mantle velocity (7.3 km sec—1) derived from this
study on the Pacific plate contrast markedly with the
eguivalent values on Explorer plate. . This leads one to
question whether the M-discontinuity has been interpreted
correctly in this study. If the crust-mantle interface
actually occurs at a greater depth than 6.5 km and has a
relatively rapid transition to a normal northeastern Pacific
upper mantle velocity of 8.1 km sec-? (Keeén and Barrett,1971),
a prominent post-critically reflected phase should appear as a
seccndary arrival in the ccmpiled record sections.. No such
phase is visible so the interpretation as discussed is the one
most consistent with the data., Therefore, the small change in
velocity gradient between 6,2 tc 7.4 km below the ocean botton
may be a realistic representation for a gradual transitior
frcm lower crust to upper mantle.,, Also, it is worthwhile to
point out that all P-wave velocity-depth models except OBS1
are within the extremal bounds derived from seismic refraction
studies near the East Pacific Rise for crust of less than S
MsY. . 01d (Kennett et al.,1977).. |

Besides the usual “interpretation in terms of the
velocity~-depth profiles, a further attempt was made to
estimate Pocisson's ratio (o) in the region of study.. Such

estimates are based on the standard relation (Bullen, 1965)
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o MINGY: - 2 ‘
- (5.1-1
2(VplVsY = 2 )

where V, and ¥, afe the P- and S-wave velocities.f Figure 5.1
shews the calculated Poisson's ratio values as a function of
depth._ The four dlfferent CUrLVes marked Lo HI, LN and DL
:epresent dlfferences in the kasic data from which they are
calculated, LO and HI symbolize Poisson?s ratios derived fronm
the tvwo extremal bounds (lower and upper) of velocities {(see
Figure 4, 1), LN stands for Poisscnts ratlos calculated frenm
results of linearized inversion {(see Flgu:e 4.2); DL refers to
Péisson’s ratios computed from the P-wave velocity-depth
structure derived from DRT synthetic seismograms-(seé Figure
4,6) and S-wave. velocity-depth structure frcm'lingarized
inversion (see Figure #4.2Lk), - Since fhe velccity-depth
structﬁres on which the calculation of Poisson's ratio was
based have a low resolving power {(see discussion earlier) on
strdctural details, only geﬁeral discussicns are warranted, .

For OBS1 and OBS2 leg 1, all four curves scattered widely
with the line LN having an ﬁpper"bound characteristic, whereas
for O0BS2 leg 2, the curves have a tendency to cluster
together, W%While the reliabilityuof:the Poisson's ratio data
is poor, they indicate a tendency to be between values of (.25
and 0.32 in the deeper crust and somewhat qreafer in the ugpper
cruét {although 0BS2 1eq 1 is an exception). Only the curve
DL in OBS1 ccmparés favourably with laboratory data on

Poisson's ratio derived from sampled rocks in the Bay of
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Figure 5.1 Poisson's ratio as a function of depth for (a) OBS1l, (b)

OBS2 leg 1 and (c) OBS2 leg 2.

The four curves represent

calculations from different P- and S-wave velocity-depth

profiles. LO and HI represent ratios derived from lower

and upper extremal bounds of the velocities; IN from velo-

cities determined by linearized inversion; DL from P-wave

velocity-depth structures based on DRT synthetics and S-

wave velocity-depth profiles from linearized inversion.

The dashed line at 2.6 km is the water bottom. For add-

itional discussion, see text.
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Islands ophiclite complex in Newfoundland {Salisbury and
Christensen,1978)., The détavset presented here is believed to
be a first attempt tovderive.Poisson's ratio as a function of
depth from OBS seismogranmns, . Because of the sensitivity of
Ecisson's ratio to changes in the ratio-éf P- and S-wave.
velocities, much better constrained_velocity;depth Curves are
regquired before meaningful geological interpretations can te
made. .

In Figure 5,1, no Poisson's ratio was calculated for the
ugpermost'1,5 km below sea bottom since the corresponding
velocity. interval is based on extrapolation from the data set
(see secticn 4.2), . However, through the estimation of an
average S-wave sediment velocity over each OBS by using the
cb=erved ccnstaht interval time between the PPP and the PES
phases, and assuming a constant E-wave sediment'velocity of
1.8 kn sec—! (Talwani et al,,1971; Peterson et al.,1974), an
average Poisson's ratio can be derived, . Table 5.1 summarizes
the results.. The sediment thickness is derived from the
pulser profile shown in Figure 2.3, as discussed in secticn
3.1. Usipg a lower average. P-wave Sediment velécity would
decrease the tabulated Poisson's ratios slightly but not
significantly. . Noting that 0=0.5 for a 1iquid,}the:high
values of Poisson's ratio suggest a very pdorly consolidgted
sediment, This interpretation is consistent with conclusions
made in ccomparable studies (Davis et al.,1976; Lewis and
McClain,1577). . More detailed infcrmation on the physical

prcperties of the sediments {thickness and degree of
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compaction) could prove useful for interpreting heat flow data

and understanding the teéctonic activity in the area. .

Site

E 2 T T ™ —— : )
i | Thickness | PEP-PPS |} S-wave velocity | Poisson's |
} { " {m) ] - (sec) - | . (ko sec—1)’ i ratic |
[ & i i L 1 d
8 kS LIS kB B k] 2
{ OBS1 | 99 | 0.60 ) 0.17 1 0,495 |
. i | | l _ |
j 0BS2 | 225 } 1.10 | 0.20 ] ° 0.49¢ i
l | | | | o |
-} OBS3 | 315 | 1.15 . | 0.27 j - 0.488 }
1 3 1 i A »' . 3
" TABLE 5,1

‘Average S-wave sediment velocities and Poisson's ratios from
time differences in PPP and PES phases. .
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6. ;SUMMARY -

Through the use of travel time inversion techniques and
amplitude analyses, three-component seismograms recordad cn an
array of three 0BS?s deployed on the Pacific plate immedia{ely
west of Explorer ridge have been interpreted.. The refracted
S-wave arrivals are identified and timed on most sections by
the combined use of the rotated SV component record secticns
and the polarization filtered data.. This enables two travel
tize inversion techniques, tau énd linearized inversions, to -
be applied on both P- and S-wave travel times.,6 The tau
inversion gives extremal velocity-depth bounds such that all
models which satisfy the travel time data must lie inside., .
The linearized inversion seeks a best fit model within the
extremal bounds under the ccnstrain£ of least change in
velocity gradient, The use of DRT synthetic seismogranms
further refine the resultant velocity-depth models to satisfy
the observed -amplitude characteristics, .

All final models, as interpreted, show a pronounced
velocity gradient in the upper crust, a somevwhat lesser
gradient in the lower crust, and a gradual transition to the
upper mantle, No velocity discontinuities\are required tc
satisfy the data,, A normal oceanic crustal thickness of 6.5
km and a reversed Pn velocity of 7.3 km sec—! are interpreted. .
The latter is relatively low but is consistent with Pn
velocities derived frcm comparable studies near axial zones

where young, immature lithosphere is present. .
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Frcm the P- and S-wave velocity~depth curves, Pcisson?s
ratios are calculated to be iﬂ-ihe range of 0,25 to 0.32, at a
subjbottom depth of 4 to 10 km, with the higher values found
in the upper crust. 6 However, resolution of :the velocity-dépth
profiles is not adequate to determine Poisson's ratios such
that a meaningful geological interpretation can be madé;;

In terms of the principal teétohic results for the region
west of Explorer ridge cn the Pacific plate, the normal
cceanic crustal thickness (and low Pn velocity) confrast
parkedly with the thick crust of Explorer and Juan de Fuca
plates, located eaét of the ridge systen (ﬂalecek.and-
Clowes,1978§ Davis et al.,1976). Assuming the ciassical
theory of sea-floor spreading at a ridge, the disparate
results on either side of Explorer ridge, give support to. the
suggestion by Malecek .and Clowes (1978) that the thick crust
is the result of compressive interaction between the young,
spall Explorer plate and the older, larger North America
plate, , It is hoped that in the future, more geophysical and
geological studies will prbvide an integqgrated explanation of
the uncertain geodynamical features in this complex tectonic

region of the north-eastern Pacific.
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