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This thesis presents a marine seismic refraction profile from an area just east of

the Juan De Fuca ridge at 440 44' N. The experiment, designed to resolve the velocity

and attenuation depth profile of the shallowmost crust, used deep shots and deep
receivers with six ocean bottom seismometers, three sea floor hydrophones and one

mid-water hydrophone. To obtain sufficient energy at high frequencies, the seismic

sources consisted of explosive charges detonated at great depths. The goal of this thesis

was to interpret the hydrophones' data. The approach was to reduce the typical problem

of low resolution associated with this kind of experiment. Techniques which had proved

successful for similar experiments, but had been obtained on flat sediments, were

inadequate in this case because of the rough topography beneath the present experiment.

This was a serious problem, preventing the accurate location of the shots and receivers.

To overcome this difficulty, the shots and receivers were located using inverse theory

with a program similar to those utilized for earthquake location. Water wave phases

substituted for the P and S waves. The bathymetric data from a SEABEAM chart
constrained the depths of the sea floor receivers. By implementing later the same data

into a program which reduced the travel-time data to the sea floor, it was possible to

compute very objective depths for the entry and exit points of the refracted rays. A high

velocity gradient of about 4.5 s and a surface velocity of about 2.7 km/s adequately

describe the velocity-depth function of the uppermost crust. Lateral heterogeneities can

explain the observed scatter of the travel-time data. However, because the experiment

was not designed properly to take advantage of the inversion technique with a maximum

of efficiency, the shots' and receivers' position uncertainties also contribute to some of

the scatter. I shall discuss about a better designed experiment to improve the resolution
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HIGH RESOLUTION SEISMIC REFRACTION STUDY

OF THE UPPERMOST OCEANIC CRUST

NEAR THE JUAN DE FUCA RIDGE

INTRODUCTION

In this thesis, a marine seismic refraction study of an area just east of the

central valley of the Juan De Fuca ridge at 440 44' N is analysed for velocity as a

function of depth. Fig. 1 shows the location of the survey which lies approximately 13

km away from the ridge axis. After the pioneering work of Vine (1966), who modeled

the magnetic profiles across the Juan De Fuca ridge by using a constant spreading rate,

more detailed values of spreading rates have been published for this ridge in recent

years (Riddihough, 1977, 1984; Nishimura et al, 1984). Riddihough (1977) found

that the averaged value over the last million years of eastward spreading rate of the

Juan De Fuca ridge was 31 mm/yr. This value leads to an age of approximately

400,000 years for the crust beneath our experiment. Very few refraction surveys have

been able to successfully study such a young oceanic crust because of generally rough

bathymetry (Bibee, 1986).

A seismic refraction proffle consists of propagating seismic waves through the

earth with a source distance offset great enough so that the dominant portion of the

travel path is a head or horizontally propagating wave in the refractors being mapped.

Generally, the main objective of this technique is to derive a velocity-depth function

from the travel time data, T(X). Conventional marine seismic refraction utilize surface

shots and bottom receivers. Shot detonation times are obtained with the help of a shot
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Figure 1. Location map of the Juan De Fuca ridge and suntninding areas. Arrows on
Explorer and Juan Dc Fuca plates indicate movement relative to North
America plate, Triangles are Quatemary volcanoes (modified from
Riddihough et aL, 1983).
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break streamer towed behind the ship and the position of the shots are determined by

the ship's navigation.

In deep water, such a geometry is inadequate if we are to obtain data from the

shallowmost 500 meters of the crust. Unless both source and receiver are on or near

the sea floor, refractions from within this part of the crust will be imbedded in the

waveirain of the reflected arrivals, including various water waves (Davis et aL, 1976;

Ewing and Punly, 1982). Since the experiment was intended primarily to study the

uppermost crust of the Juan De Fuca ridge, adjustments were made to comply with

these requirements. A refraction technique was conducted using sea floor

hydrophones, sea floor seismometers and deep explosive sources.

The principal problem of seismic refraction experiments at sea is low

resolution. Nowadays, most seismic receivers are very sensitive instruments which are

able to monitor small seismic events with great accuracy. It is unfortunate that most of

this resolving power is often lost through various processing stages. The three main

causes of inaccuracy are the positioning of the source with respect to the receivers,

topographic corrections and the generally low frequencies used to image the

subbottom. Jacobson et al. (1984) pointed out also that another problem inherent to

this method is the low density of data when explosives are used as sources.

These problems were addressed very early in this study as they were found to

be particularly critical. A high resolution experiment was needed for several reasons.

First, the main goal of this study was to observe small scale structural changes of the

uppermost young crust. A requirement for the detection of small scale features is to

have seismic sources that produce sufficient energy at higher frequencies. This can be
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obtained by firing large shots at great depths. From previous studies, it had been

anticipated to derive the velocity structure of this part of the crust with a direct travel

time inversion technique (Dorman and Jacobson, 1981) which models the earth's

crust as a set of layers with constant velocity gradient. This type of model has been

shown to give a more realistic picture of the earth's crust than former models using

constant velocity layers (Kennett and Orcutt, 1976), but it requires higher resolution of

the travel time data. Velocity gradients are characterized by different slopes (ray

parameters) on the corresponding travel time branch of the record section. One realizes

how these slopes are sensitive to inaccuracies in shot-receiver offsets or in arrival

times. As discussed later, the velocity-depth function is computed from the record

section, after having evaluated the ray parameters on the travel time curves, T(X). All

previous studies using the same technique (e.g., Dorman and Jacobson, 1981;

Jacobson et al., 1984) suggest that the success and reliability of their results depend

heavily on the accuracy of the detonation times and shot positions. A determination of

the shots' and receivers' positions with the ship's navigation system was deemed to be

unsatisfactory. The conventional method for calculating the shot origin time with a

shot break streamer was inappropriate, as this techniques relies on an empirical

formula which gives the detonation depth provided a knowledge of the rate of sinking

of the charge and its weight is known. If applied to deeply detonated charges, this

formula can lead to serious errors. Finally, to reduce topographic corrections, the site

was selected to be over a fairly smooth portion of sea floor to minimize errors in the

determination of the depths of the entry and exit points of the refracted waves.

Conventional echo-sounding data were recorded during the experiment but



uncertainties caused by hyperbolic diffractions, side reflections and/or navigation,

turned out to be large. The profile was not shot along a line, making the determination

of the depths of the entry points even more hazardous, as the entry points were not

along the ship's track. Clearly, a new method of reducing the data must be developed.

A requirement for any new method would be to eliminate as much as possible any

form of subjectivity associated with these data reductions.

One solution to the problem of accurately locating the shots and receivers by

inverse theory is to use an algorithm similar to those used for locating earthquakes.

Furthermore, a gridded SEABEAM bathymetric chart of the area of concern was

available. Although very few marine seismologists have taken advantage of the

precision of such a map, it was hoped that it could help by increasing accuracy. The

bathymetric chart was used in the inverse theory algorithm to constrain the variation of

the receiver depths and was used again to reduce the shots (and receivers if they are

mid-water instruments) to the sea floor.

This study constituted probably the first time where a SEABEAM bathymetric

map was used numerically for a marine seismic refraction experiment. It will be shown

how its utilization improved the reduction process. It is hoped that our readers will be

convinced how valuable such a map can be for future experiments. This section of the

thesis as well as the inversion scheme will be emphasized and a comparison between

the results obtained with the old method with the results of the new method will be

shown.

The modified tau-zeta linear inversion technique ( Dorman and Jacobson,

1981; Jacobson et al., 1984) was applied to convert the reduced travel time data to a



velocity-depth function of the upper 600m of oceanic crust A high average vertical

velocity gradient of 4.4 s_i was found which is in agreement with the results of a few

similar studies (Ewing and Purdy, 1982). However, this gradient does not explain the

scatter of the travel time data. Most of this scatter was attributed to lateral

heterogeneities which have been considered to be important at these depths by many

seismologists (e.g., Ewing and Houtz, 1979; Spudich and Orcutt, 1980b). However,

part of this scatter is certainly due to the uncertainties in shots' and receivers' positions

and particularly in the shots' and receivers' depths. The main limitation of this study

was the inability to tie accurately the location of the experiment to the SEABEAM map.

This affected not only the depths of the shots and receivers, it also affected the

topographic corrections. We shall discuss methods for eliminating this problem in

future experiments. By reducing the scatter due to location of shots and receivers,

further studies would yield more detailed knowledge of the seismic velocity structure

of this part of the crust including heterogeneities. It could also enable a higher level of

resolution for studying the effect of fracturing on compressional wave velocity

attenuation.
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On June 1985, Oregon State University, in collaboration with the University

of Washington, conducted a marine seismic refraction survey just east of the Juan De

Fuca ridge (see Fig. 1). The objectives of this experiment were not only to derive a

velocity-depth function of the uppermost oceanic crust but also to measure the

cotupicssional wave velocity attenuation of this part of the crust. Such a site may

provide very valuable information about the effect of fracturing on attenuation, since

most fractures and fissures are created on or near to the ridge and are generally

oriented parallel to the ridge axis. Previous studies suggest that we can learn more

about attenuation by looking at how it affects propagation of seismic energy at various

orientations to the fractures. In this thesis, only the velocity-depth function of the

uppermost crust will be determined.

It is clear that for this type of study high resolution is required. For example,

it is desired that any curvature of an arnval time branch indicates the presence of a

velocity gradient and is not due to the mere effect of scatter of the data. By increasing

the timing accuracies and the frequencies used, one may reduce the scatter of travel

time data. Accordingly, the experiment was designed with large shots at great depth to

have sufficient energy at high frequencies. Another requirement for this experiment

was to use deep receivers. If the shots and the receivers are not on or near the sea

floor, the first refracted arrivals from the upper layers may be masked by the directly

traveling water wave arrvals.

Six Ocean-Bottom Seismometers (OBS's), three digitally-recording Sea Floor

Hydrophones (SFH's) and one digitally recording mid-water hydrophone were



deployed. The OBS's belong to the University of Washington, while the hydrophones

were owned by Oregon State University. The clocks inside each receiver were

calibrated against WWV standard time.

Each OBS was provided with a 4 Hz triaxial geophone system. Ground

motion sensed by the geophones was recorded in analog fashion on magnetic tape

(Johnson et al., 1977).

The four digitally recording hydrophones included an event detector which

can detect the high frequency direct water wave and a circular memory buffer which

can store the continuously incoming signals (Shor, 1979). Once the direct water wave

reaches the detector, the analog signals are converted into a digital signal for a

predetermined amount of time. This digital signal is stored on tape. Although the

digital recording is triggered by the direct water wave, it is necessary to record the

signal for some time prior to this event because the refracted wave usually arrives

before the direct water wave. This can be accomplished by using a circular memory

buffer. The response of the hydrophones had a frequency band width of 1 to 200 Hz,

asampledatarateoflkHz.Thedynamicrangewasequaltol26dBwith72dBof

resolution due to a gain-ranging amplifier.

The explosive sources, ranging between 128 and 256 pounds of TNT

detonated by an Mk94 ModO SUS charge (Naval Ordnance Systems Commands,

1973), were set to explode at the hydrostatic pressure at the depths of 6000ft (1829m)

or 8000ft (2438m). Two runs were carried out during which forty shots were

recorded.

The overall pattern of shots and receivers for the experiment is shown in Fig.



2. The receivers are represented by triangles. The triangles numbered from 1 to 6 are

the OBS's, and 7 to 10 represent the hydrophones. In this figure, the positions of the

receivers and of the shots are those given by the ship's navigation. The bathymetry in

this figure was obtained from a very detailed SEABEAM bathymetric chart (courtesy

of NOAA).

The battery supply of the hydrophone system was insufficient for

deployments greater than 24 hours. Hence, they had to be brought back to the surface

between the two runs. In fact, only two hydrophones were used. The data cartridges

were changed after the first run before they were sent back in the water. Accordingly,

although the hydrophones were numbered differently, receivers 7 and 8 are really the

same as receivers 9 and 10. Receivers 7 and 8 recorded the first run only, whereas

receivers 9 and 10 recorded the second run. Therefore, for each run there were eight

receivers but these receivers did not record all the shots of that run. As a matter of fact,

receiver 8 recorded only six shots.

Two kinds of navigation systems were used during the survey. The ship was

equipped with a LORAN C system along with a sateffite navigation system. Both

systems do a good job giving the relative positions of the various elements of the

experiment. Unfortunately, neither system is very accurate concerning the absolute

positions. Errors of the order of one kilometer were not uncommon and they resulted

primarily from two causes. First, the LORAN C system behaved rather erratically

during the cruise, as the signal was lost several times. Second, because of a problem

in timing coordination between the computer interface system aboard the ship and the

satellite, only a few satellite fixes were recorded.



Figure 2. Overall pattern of shots and receivers for the refraction experiment The
triangles numbered from 1 to 6 are the OBS's, and 7 to 10 represent the
hydrophones. The crosses represent the shots. The bathymetry in this
figure was obtained from a SEABEAM bathymetric chart (courtesy of
NOAA). Contour interval is 10 meters.
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DATA REDUCTION

The reduction and inteipretation of the seismic data recorded by the OBS's

were carried out at the University of Washington. Therefore, the study here was

limited to the processing of the hydrophones' data.

Several steps are requited to convert raw seismic data into useful information

about the structure of the crust These steps may vary according to the type of

experiment. Typically it is necessary to account first for the drift of the receivers'

clocks. The clock drift was assumed to be linear for each instrument between

deployment and recovery. It is difficult to evaluate the enors associated with this

assumption but it is thought that they e not lager than a couple milliseconds.

Locational shots and receivers

The second stage of the reduction involves thecalculations of shot-receiver

ranges. A common actice is to use the distances detenuinedwith the ship's

navigation system as ranges. This technique is certainly adequate for most seismic

refraction experiments at sea when experimental enu ot'about lOOm are adequate.

With the advent of high resolution studies a me prease technique is needed to

determine shot-receiver offsets as well as the shots' and receivers' depths accurately.

The Woods Hole Oceanographic Institution developed a technique using an

instrument called DETES (DEep Towed Explosive Source) (Koelsch et aL, 1985;

Koelsch et aL, 1986) where the source is towed within lOOm of the ocean floor and is

capable of firing upon command from the research vessel up to 48 individual 2.3 kg

explosive charges. This technique was used in conjunction with Ocean Bottom
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Hydrophones (OBH). Precise knowledge of the shots' detonation times, of the height

of the source above the sea floor, and of the shot-receiver offsets were obtained with a

system of transponders and hydrophones on both the DETES and the OBH's. During

one expedition, small scale refraction experiments (Purdy et aL, 1985; Koelsch et aL,

1985; Purdy, 1986) were canied out with this system which proved viable although

some changes in the design seemed necessary.

Dorman et aL (1986) recently presented a similar technique where they

obtained a shot and a receiver location accuracy of a few meters and a shot timing

accuracy of a few milliseconds. Their method involved a cable-telemetered shooting

box navigated within an acoustic transponder network. A simi1r device was also used

for the OBS deployment. Undeniably, these are two very accurate techniques.

Another method has been used for several studies with success (Dorman and

Jacobson, 1981; Jacobson etaL, 1981; Jacobson et aL, 1984; Dwan, 1985) without

resorting to electrical detonation metbeds. By using SUS charges tied to large charges

there is no way to precisely control the depth of detonation. To determine shot

detonation times and shot-receiver offsets, three water wave rays are traced through

the water áolumn. A typical SPHs seismogram of the first four water waves is shown

in Fig. 3. Among the water waves, the direct wave always arrives first, but then the

order of arrival of the subsequent waves depends on the geometry of the experiment.

Fig. 4 shows the paths of the first four water waves. The principle of the method

requires a measurement of the differences of travel times of three selected arrivals

(generally the three first). With a typical sampling rate of 1000 samples per second,

travel time measurements of the water waves with an accuracy of a few milliseconds
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Figure 3. A sample seismogram from the Juan Dc Fuca experiment. The arrivals (1,2,3 and 4)
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Figure 4. Schematic diagram of the first four water waves. Only waves 1 and 3 were
used in the inversion since they ait the only waves that do not bounce off
the sea floor.
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can be obtained. A computer program computes the differences of travel times of these

three water waves by raytracing and compares the results to the observed differences.

Iteratively, the shot is moved relative to the receiver until the two sets of differences of

travel times are equal. Unfortunately, this algorithm requires that the depth of the

bounce point on the sea floor of at least one of the rays be assumed. This is certainly a

serious limitation since any errorin the estimation of this depth may lead to a

significant change in the values of the shot-receiver offset and of the shot's depth.

Additionally the depth of the receiver must also be assumed, which can often be

wrong.

A bathymetric chart was constructed from echo-sounding records collected

during the cruise (Fig. 5). The constmction was effected with difficulty.

Superimposed to the usual problems of hyperbolic diffractions or side reflections,

serious uncertainties were caused by the navigation system problems mentioned

earlier. Nevertheless, this chart was used to find the depth of the bounce points.

The usual quality check of the method was applied, which is to compare the

resulting shot depths and shot-receiver ranges of the same shot from different

receivers. This check was not always possible since several shots were recorded by

only one hydrophone. However, for the other shots some very large discrepancies (up

to lOOm) were found between the depths calculated from two different hydrophones.

The errors in shot-receiver ranges are more difficult to evaluate since they invoke a

three dimensional plot of the shots' and receivers' positions.

Although the data were reduced to the sea floor using these locations (see

section: Reduction of the data to the sea floor), the quality of the travel time data was



.

16

4448'N

47'

46'

45'

44'

44°43' N

130°12'E II' 10' 9' 8' 130°7'E

Figure 5. Bathymetric map constructed fmm echo-sounding data collected during the
cruise. Contour interval is 10 meters.
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abyssmally poor. It was then realized that a better method for locating the shots and

receivers must be developed.



LOCATION OF SHOTS AND RECEIVERS

BY INVERSE THEORY

In this chapter, a detailed derivation and discussion of the inverse technique is

presented since it constitutes the core of the method for reducing the data. The chapter

is divided into two parts: Part I, the inverse program is described and in Part U, the

results are shown from the application to the data.

Background

Several similajities exist between our experiment and a micro-earthquake

network. Locating earthquakes within an array of seismic stations or locating shots

within an array of receivers seeni to contain similar operations. This suggests that

these two problems may be treated the same way. Following Geiger's work (1912),

most earthquake location problems are solved by inverse theory algorithms (e.g., Aid

and Lee, 1976; Lienert et al., 1986). Such a method may be applicable to the problem

of locating shots at sea. This was further suggested by a study of Creager and Dorman

(1982) where they used an inverse theory program to locate their OBS's by joint

adjustment of instrument and ship positions.

General treatments of inverse problems have received considerable attention

for several years (e.g., Cuer and Bayer, 1980; Tarantola and Valette, 1982). Most of

their applications were motivated by the high degree of objectivity that they were able

to offer. Inverse techniques can incorporate statistical infonnations about the model
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parameters and the data into the solution (e.g., Kaula, 1966, chapter 5; Wiggins,

1972; Buland, 1976). Beside objectivity, some of the quality factors that one should

look for while choosing a particular treatment are the stability of the solution and rate

of convergence to the solution.

To determine the origin time and hypocenter of an earthquake, it is necessary

to know the coordinates of the network stations, a realistic velocity structure that

characterizes the network area, and at least four arrival times to the network stations

(Lee and Stewart, 1981). The principal arrival time data used in this problem are the

compressional wave (P waves) arrival times. However, very often P-arrival time data

may not be sufficient in which case shear wave (S waves) arrival times are also used.

Likewise, for a seismic refraction experiment at sea, one can substitute water

waves arrivals for P and S arrivals. A velocity profile was obtained for the water

column over the experiment Only a vague idea is known about the coordinates of the

receivers but if enough arrival time data are obtained, it may be possible to detemune

the depth of the receivers. Therefore, it appears all of the necessary elements are in

hand for setting up our inverse problem.

The parameters to be determined are the shots' and receivers' positions as well

as the shot detonation times. The data are the various water waves' arrival times. As

can be seen on the cartoon of Fig. 4, only two of the four water waves depicted are not

reflected off the sea floor. It is clear that ii one were to trace a wave which is reflected

off the sea floor, the depth of its bounce point must be known. To avoid this problem,

it was decided to use in our inversion only two phases: the direct water wave and the

wave reflected off the sea surface. The drawback to this approach is that more
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observations are needed to solve for the parameters. This is an example of the trade off

between the amount of a priori information included in the inversion and the minimum

amount of true data that this inversion requires. What is meant by "true data" is data

that really adds something new to the solution. This difficulty must not be overlooked

because no matter what technique is used, any lack of information cannot be remedied

by a mathematical artifice. This experiment was not designed with the knowledge that

the shots and receivers would be located by inverse theory. Consequently, it must be

verified whether these water waves will give all the information needed.

We want a majority of shots inside the array of receivers. Although a more

mathematical explanation to this condition is possible (c.f. Menke, 1984, pp.

204-205), Fig. 6 graphically depicts what happens if a shot lies far outside the array.

In this figure it has been assumed that the only parameters to be solved for are the

coordinates x and y of the shots. It is assumed that it is known how to compute the

shot-receiver ranges for each receiver and for every shot. These ranges can be thought

as radii of circles centered on the receivers. The location of the shot is at the

intersection of all the circles from the various receivers. If a shot is inside the array,

such as position A in Fig. 6, the circles clearly intersect There is no ambiguity as to

determine visually where the intersection point is, and the uncertainty in shot's location

will be of the same order as the uncertainty in ranges. On the other hand, when the

shot lies far outside the array like in position B, the circles are nearly concentric. They

do not intersect clearly. There is rather a diffuse zone where one could locate the

intersection point. It seems that any uncertainty, even a small one, in any one of these

circles would create a major uncertainty in the shot's position. Therefore, one could
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Figure 6. Illustration of the problem of locating a shot far outside the receivers'
array. See text for discussion.
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expect these shot locations to be very unstable with large position uncertainties.

The last but not the least requirement to the experiment is to use a larger

number of data than the number of parameters to avoid an underdetermined problem.

If all the shots are recorded by all the receivers and there are four parameters per shot

(coordinates x,y,z and origin time) and three parameters per receiver (coordinates

x,y,z), this condition may be expressed by the following inequality:
4Ns

Nr (1)
2Ns-3

where,

Ns = number of shots

Nr = number of receivers

This inequality shows that at least two distinct shots are needed and in such a

case the minimum number of receivers is eight. With more than five shots, three

receivers may be enough. It will be demonstrated later that the number of parameters

per receiver is actually two when the receiver lies on the sea floor.

If only the hydrophones' water wave arrival data are used, the two preceding

conditions would have been critical. First, the geometry of the experiment would have

been really inappropriate to an inversion technique since very few shots could have

been considered as lying inside the receivers' array (see Fig.2). Nevertheless, the

second condition would have been the most critical because only two hydrophones

recorded two runs each. Eq. 1 demonstrates that the shots need to be recorded by at

least three receivers.

Dr H. Jung and Dr B. T. R. Lewis, of the University of Washington, sent us



23

their water wave arrival times use in the inversion. Thanks to these new data, the

problem was clearly overdetermined. There were 470 data available and a priori 180

parameters (40 shots and 10 receivers) were to be determined. Unfortunately, even

with the new receivers, some shots were still far outside the array. It will be

demonstrated later how these data affected the inversion.

Formulating the problem

A note about notation: For convenience, the direct water wave will be called

the D wave. The A wave will correspond to the water wave reflected off the sea

suiface.AccordinglytheDandAthneswfflstandforthearrivaltimeoftheDandA

waves respectively.

Because of the horizontal extent of a seismic refraction study seldom exceeds

several tens of kilometers, it is adequate to use a Cartesian coordinate system (x,y,z).

A four-dimensional space is required since the time coordinate is also required.

A solution vector x, containing n parameters which are the detonation times

and the coordinates x, y and z for the shots and for the receivers, is to be determined.

A vector c can also be constructed, containing m observables which are respectively

the arrival times of the D and A waves of each shot recorded by each receiver.

Within the context of some theory, the m observations can be linked to the n

parameters through a simple matrix form:

A x=c (2)

where A represent the theory. With this model some predicted data can be calculated

that is assumed to be error free since it is also assume that our theory is exact. Then the
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basic idea of the inverse method is to minimize the difference between the observed

and predicted data.

Given the positions of a shot (x5,y,z5) and of a receiver (Xr,YrZr), and

knowing the water velocity profile we can trace the D and A rays through the water

column and predict their arrival times. Clearly this constitutes the theory and for its

purpose a one dimensional multilayer model of the water column is quite appropriate.

Uncertainties in water velocity structure are generally much smaller than the other

uncertainties in the data (Flatt6 et al., 1979). Therefore, the assumption of exact theory

may be considered as valii The ray tzcing is accomplished by the typical method

(e.g., Telford et aL, 1976, Eq. (4.43)) whose first step is to choose a ray parameter

and to compute the corresponding shot-receiver range by using the formula:

=

pVAz

1=1 [l(pV1)2]'Q

where A = shot-receiver range

(3)

p = rayparameter

V1 = velocity of layer i -

A; = thickness of layer i

The summation is calculated based on the depth of the shot and the depth of

the receiver by following the ray in each layer it must pass through (see Fig. 7).

The ray parameter is then adjusted until the computed range A is equal to

the desired range. Once the proper ray parameter has been found, the travel time T is

then calculated with the formula:
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Figure 7. fliustration of the raviracing of a water wave reflected off the sea surface,
for a source in the kth layer and areceiverin the jth layer.
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T(x5,y,z5,x,yz) =

i=i V1 [1- (p V1)2 ]1t2

Defining two vectors x' and x by,

xI=

and
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(4)

= (xs,ys,zs,to,Xr,Yrzr)t

where t0 is the detonation time andt signifies iransposition, the arrival time of a wave

can be written as:
(5)

Linearizing the problem

Eq.(5) can be linearized by expanding t(x) in a Taylor's series and by

assuming that terms of second order and higher are negligible.

t(x)=t(x)+&(x-x) (6)

Defining Ax1 = (x -xc), Eq.(6) can be written as:

t(x) - t(x) = it ix11 (7a)

= x + Ax (7b)

Eq.(7a) has the same form as in Eq.(2), where t = A. If one guesses the

initial locations and detonation times x0, then Eq.(7a) can be solved for by a

linear inverse method. A new guess can be computed from. Eq. (7b). The process can

be iterated n times until a solution to the inverse problem is obtained within a certain

range of LX1 that we choose.

This method requires that the partial derivatives it be computed for various

locations of shots and receivers. In fact, the partial derivatives of T(x') need to be



computed since, according to Eq.(5),

1t(x) = óT(x') + at(x) / at0

=iT(x')+ 1

Computing the derivatives
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The process of computing derivatives is'explained by Lee and Stewart (1981).

However, a different approach is more revealing. Choose a coordinate system such

that points S (source) and R (receiver) lie on the z plane. In Fig. 8a, consider an

element of ray path at the source in the th layer with direction angles a, , y.

According to Fermat's principle, moving the source perpendicular to the ray path does

not lead to a first order change in travel time (Menke, 1984). While moving it a small

distanced1paralleltotheraypathdecreasesthetraveltimebyanainountdl/Vwhere

V3 is the water velocity of the th layer.

Therefore, in Fig. 8a no matter where the source is, in Si, S2 or S3, the

corresponding rays must have nearly the same travel time. Furthermore, this is also

true if the source is in S4 or S5 which are in the horizontal xy plane (see Fig. 8b).

Accordingly, if the source is moved to one of these positions, the travel time

must be decreased by the same amount:

and

dT=-dl/V

Now, we can notice in Fig. 8a that,

(8)

dl/d10 = 5in7 (9)

dl/dz = cosy (10)
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where y is the take off angle.

In Fig. 8b, we see that:

d10/dx = cosa (11)

and

dl0Idy = sina (12)

By combining Eq.(8), Eq.(9), and Eq.(1 1):

dT/dx = -sinycosa/V (13)

Eq.(8), Eq.(9) and Eq.(12) give:

dT I dy = - siny sina I V (14)

and Eq.(8) and Eq.(1O) lead to

dT/dz = -cosa /V (15)

At this stage we need to make the following assumptions:

aT/ax= dT/dx

aT/ay=dT/dy

ar/az= dT/dz

These assumptions are valid if dx, dy and dz are small in comparison to the

scale of the ray path. But this condition was already assumed since, as mentioned

above, Eq.(8) holds only if the source is moved a small distance. Furthermore, no

linearization would be possible if the displacements were too large since, in the

Taylor's expansion, the terms of second order would not be negligible.

Now that we have the partial derivatives for a shot, one can apply the same

reasoning to a receiver. All that is needed, is to change signs, since the receiver is at

the other end of the ray. One must also to substitute V by V1 if the receiver is in the th
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layer. Finally, the take off angle may be different

Accordingly, one can write:

for a shot at a position (x,y5,z5),

T / ax = sin'y coscz / V

aT/ay5= -sin?sinc(/VJ (16)

aT/az= -cosa/V

for a receiver at a position

aT/xr= sinycosa/V1

)'r SulyrSifla/Vi (17)

aT/azr= cosa/V1

So far, in this derivation, no assumption had been made about the ray path. A

particular ray path is characterized by its ray parameter p. Eq.(2) and Eq.(3)

demonstrate how p was computed. Knowing p, one is able to calculate the take off

angles y and for this particular ray path.

= arcsin( pV)

= arcsin( pV1) (18)

The direction angle a is simply:

a = arctan[(y- )I('- xe)] (19)

Hence, one knows how to determine all the parameters that are necessary to

compute the partial derivatives.

Problem of nonuniqueness

As mentioned previously, the basic idea of the nonlinear inverse problem is to
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move the shots and receivers to minimize the difference between the observed and

computed D and A times. Of course, it is expected that these movements will be

realistic and that they will not represent partially or even completely the effect of a

nonuniqueness problem. In Fig. 9, the respective ray paths of the D and A waves, for

two sets of shot-receiver have approximately the same length. As the water velocity

varies little with depth, the respective travel times are the same, despite the different

positions. Therefore, by using only the D and A waves in the inversion scheme, and

by leaving both the shots and the receivers free to move in any direction, it is very

likely that most solutions will be incorrect. Although they satisfy the data, theymight

be unrealistic. To prevent this, some constraints must be applied to either the shots or

the receivers.

As in most high resolution seismic studies, the receivers usually lie on the sea

floor. The bathymetry under these receivers constitutes an obvious constraint to the

variation of their depths. By knowing the movements of the receivers in the two main

horizontal directions x and y, the movement in the z direction can be inferred. One

simply needs to find the depth of the sea floor at the new position. However, if this

constraint is to be included in the inversion, it must be done in a linearized foim.

Constraining the variation of depth

with a

SEABEAM bathymetric chart

If the sea floor is not flat, it might seem hopeless to get a linear formof the

bathymetry which we can implement to the system. If the sea floor is not too rough, it
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Figure 9. Schematic representation of the nonuniqueness problem. Although these
two sets of shot-receiver pairs have significantly different locations, their D
and A water waves have the same travel times.
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may be assumed that it is flat over a small area around a receiver. Dorman and

Jacobson (1981), Jacobson et al. (1984) and Dwan (1985) assumed it was flat

everywhere, a good assumption for deep sea fans. Thus, a plane can be fit to this

small area about the receiver and still be a good approximation of the bathymetzy. A

least square regression scheme may be appropriate. Fig. 10 illustrates this technique

whose goal is not only to solve the nonuniqueness problem mentioned above, but also

to improve the solution. In other words, a precise knowledge of the bathymetry should

be used to locate the receivers and, accordingly, the shots more accurately. This

requires a very reliable topographic map of the sea floor. A gridded SEABEAM.

bathymetric chart fits to this definition. SEABEAM is a multibeam echo-sounding

system, mounted on the hull of a ship (e.g., Renard and Allenou, 1979). The systems

charts swaths of bathymetry, whose width depends on the water depth and which are

assembled after the cruise into a map. Once this map has been digitized and gridded, it

can be of great use to a seismologist (Van Heeswijk 1986). The National Oceanic and

Atmospheric Administration (NOAA) provided a chart of the area whose grid spacing

was about fifty seven meters, shown in Fig. 2.

A plane may not always be a good approximation of the topography around a

receiver. The theoretical bathymetry along the plane may be rather different from the

true bathymetry, producing a particularly unstable inverse problem. One aspect of this

instability can be expressed through nonuniqueness. The deviations from the true

bathymetiy create perturbations which can worsen the instability, discussed later. The

deviations between actual and calculated depths are to be minimized, are especially

serious when the receiver's displacement is large. One approach is to adjust the size of
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Figure 10. A cartoon to illustrate how the depth of a sea floor receiver
is constrained to the bathymetry. A least squai algorithm fits a plane
around the receiver.
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the regression plane at each iteration and for each receiver. For the first iteration one

starts with a standard size of regression plane and for the following iterations this size

is adjusted based upon the receiver's last displacement. A proper size is chosen in

terms of this displacement, hoping that the next one will be about the same length or

smaller. Although this might seem a little bit empirical, it gives good results.

If the receiver is not on the sea floor, two approaches are possible. If the

height of the anchored receiver is known and if it is assumed that the mooring line was

not distorted by bottom currents, the technique described above can be applied. If

either of these two conditions is violated, then restraining the mid-water instruments'

vertical and horizontal displacements would be imprudent. By constraining the depth

of the receivers to the sea floor, it is likely that the problem of nonuniqueness has been

largely eliminated. The first approach was tried but after running few iterations of the

program, a systematic eior in the residuals was associated with the mid-water

receiver. The first assumption, the height of the instrument above the sea floor was

reconsidered. The mooring line consisted of several spools of line, of which two

spools were unaccounted for at the end of the survey. To test this assumption, the

second optional method was used, where the mid-water instrument's vertical

displacement was not constrained. After the inversion, the difference in depth between

this receiver and the bathymetry underneath it was 593m. It was originally thought that

the length of the line was 496m ( 126ft +3 spools of 500ft). The results suggested that

another spool of 500ft (152.4m) was used and that the line was in fact 648m long,

yielding a 55m discrepancy between the theoretical and observed length of the line.

About five meters has probably been lost to make the connections between the spools.
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To account for the remaining distance (50m), without invoking any error in the depth

of the receiver, one may assume that the anchor line has been distorted by bottom

currents. But a loss of 50m by distortion over a distance of about 600m seems

unreasonable. However, it will be discussed in the following sections that the

experiment cannot be located on the map with a precision better than 50m. Considering

this inaccuracy and assuming that the mooring line was distorted, the uncertainty in the

depth of the anchor can explain up to 40m, since the topography beneath receiver 9 has

a relatively steep slope (see Fig. 2). The distortion is now more likely to account for

the remaining distance (around 20m).

Writing the inverse problem in matrix form

Eq.(7) can be written literally in a matrix form which includes the a priori

information about the bathymetry. Coming back to Eq.(4) with the same notation,

differentiating and keep the first order terms only:

6T 6T cT &T öT
= - AXs + AYs + Az + At0 + - Axe. + - Ay + AZr (20)

8X &y5 8Xr 8Yr

Rewritten in matrix form, this gives:

1TT8T 6TTT] Lxs- - 1 - -
I

= [At] (21)
L 8x5 8Y5 6Z 'r 8y &r 1 s

At0

AYr
Az
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Obviously, this is the form that should be used for a mid-water instrument.

For the case of a sea floor instrument, a constraint can be placed on Az. By fitting a

plane to the topography around the receiver, it was implicitly assumed that

zr=aO+alxr+a2yr (22)

where a0, a1 and a2 are three regression coefficients, and

a1=dz/dx=tan; (23)

a2 = dz I dy = tan

The angles; and are shown in Fig. 10. The coefficients, a1 and a2, are of

importance, since

(24)

Combining Eq.(23) with Eq.(20), one obtains

ST ST ST (ST ST (ST ST

Lt=LXs+ Ay5+ _s+I+--.ai I&r+ I--a2 Vyr +it0
Sx 5y Sz5 5z .i 8y SZr )

The matrix form then becomes

[&'FSTST STST STST
1 +a1 +a2 I I Ay 1= [Lt}

JIAzIL s Sxr 62r 8Yr r
At0 I

(26)

lAx1
I

L AY1 J

Having the matrix forms for both kinds of receivers, the general inverse

problem can be written in matrix form. Assuming n shots and m receivers, then



38

S11 0 0- 0 R11 0 '0- 0

0 S21 0 0 R21 0 0 0 21

1xsn

0 0 0 ----- SR0 0 -------- 0

S21 0 0 ----- 0 0 R 0 -------- 0

0 S 0 ----- 0 0 R 0 -------- 0

. xnn

0 0 0 ----- S 0 0 0 -------- R,J Lit.

where, in agreement with our previous notation, the subscripts s and r stand for the

shots and the receivers respectively. Likewise, the subscripts D and A represent the

direct water wave and the wave reflected off the sea surface. Bold characters are for

matrices or vectors. Sometimes certain receivers do not record all the shots. This

explains why indices as y and K are used in the general mattix form above.

Accordingly, for a shot i received by an instrument j, one obtains

S
f

T/ax IY frD/ aZM 1

L / ax5, aT / a aTJJI az51 1

and

[ y,i.z51,it]t
For mid-water receivers:

R1 / ax aT / aT/
I / ax11 ar / F/ a
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and
Lxri= [

If the receivers are on the sea floor, then

= f[ar / ax + a1 . TJ/ az] [aT / ay + a2 . aTWazn]

L[aTAJ / + a1 . I z1] [aT / ay + a2. aTM/azfl]
and

E.x= [
Xj,Aj]t

Finally, the data are

- r,t zt it
L Dij' Aij'

Referring to Eq. (4), recalling that

= Observed[t] - t

= Observed[t] TA(x$j,y,zSj,x,,ylJ,zI) - t

Calculation of the depth of a sea floor instrument

After having written the general matrix fomi, notice that the increment &r is

not a parameter of the inverse problem when the receiver lies on the sea floor. This

means that the depth of this instrument will not be computed directly with the inversion

technique. On the other hand, once &r and AYr are known, Eq. (24) can be used to

calculate IZr. However, this equation was primarily established to linearize the

bathymetzy so that the depth of the receivers could be constrained. It was not intended

for computing 1zr because after all, one knows how to find the depth of the receiver

from the bathymetric chart. Therefore, the true depth of any point on the sea floor can

be determined provided its coottlinates x and y are known. This is quite comforting,
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although, reality is a little bit more complex. It is desired that the depth of the receiver

correspond to the true bathymetiy at its location. However, Fig. 11 demonstrates an

example where one should rather use Eq. (24), at least for a couple of iterations.

Fig. 1 la shows the results if one assumes that the true depth of each receiver

is computed after every iteration. Furthermore, assume that the correct position of a

receiver is at R, but the initial guess was at A. P1 is the name of the regression plane

which is supposed to fit the bathymetry around Al The surface topography being

unpredictable, so are the errors with respect to P1. Nevertheless, the program will

assume that P1 is a good approximation of the bathymetry and in a first stage (Ia), it

will move the receiver parallel to P1, hopefully towards R. Then, in its second stage

(ib), it will find the true depth and bring the receiver vertically to B which will be its

new position after the first iteration. In the example (Fig. 1 la), there is a trough

between A and R. As a consequence, the program certainly did not expect the receiver

to be that deep. Although, the receiver did move in the right direction, this may be

counteracted by the effect of the deviation between the actual and theoretical

bathymetry. Moreover, the regression plane P2 is still dipping toward R. As a

consequence, the program may want to reduce the depth of the receiver, at the risk of

moving it in the wrong direction. This is illustrated in Fig. 1 la by the two stages 2a

and 2b, which bring the receiver from B to C. This last displacement is shorter than

the previous one. Accordingly, the program is going to reduce the size of the next

regression plane. At this point, it is clear that the receiver will probably never cross

this trough.

Now in Fig. 1 ib, the same assumptions are used but instead of computing the
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3 (b)

Figure 11. For both figures it is assumed that the correct position of a receiver is at R
but the initial guess was at A. The sketch of Fig. (a) shows that the
receiver will not be able to converge to its true position if its actual depth is
computed after each iteration, because of the trough between A and R. On
the other hand in Fig. (b), the receiver can cross the trough if its estimated
depths are kept for at least two consecutive iterations. See text for
discussion.
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true depth after each iteration, Eq. (24) is used to find the new depth. This is similar as

determining the depth by moving the receiver parallel to the regression plane (see Fig.

1 ib). This way, the preceding problem is eliminated and the receiver should be able to

cross the trough and converge toward its true location. Note that a hill or a ridge could

be used to illustrate this point.

Note that in Fig. 1 lb that one should rather calculate the true depth of the

receiver after the third iteration. This suggests that, in fact the best method is a

combination of the two techniques. Unfortunately, even for a specific case, there

exists no way of determining for sure what is the best combination which will ensure

the fastest convergence, because too many parameters are involved. Nevertheless,a

technique will be shown later which might not improve the rate of convergence but

which should improve the stability of the solution.

The best way of avoiding this problem is, of course, to have good initial

guesses of positions for the receivers, which probably means not farther than about

two hundred meters from the true positions. The accuracy of the initial guesses are

thought to be closed to this value, corresponding to fairly moderate topography.

Wiggins' inverse theory

Above it was shown how Eq. (1) could be written literally in matrix form.

However, following Wiggins' (1972) inverse theory, this equation can be rewritten as

a weighted matrix equation:

S A W1a W x = S4t2 (27)

where W is covariance matrix for the solution x while S is a covariance matrix for the
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data c. This enables one to account for the fact that the data are not error free and that,

probably, the parameters will not be either. Besides being able to include statistics

about the data and about the parameters, as a priori informations of the inverse

problem, was a strong argument in favor of this method. Kaula (1966, chapter 5) has

an excellent discussion of the rationale for using these two weighting matrix W and S.

In our case, both matrix W and S, are diagonal matrices whose diagonal

elements are respectively the a priori variances of the parameters, selected arbitrarily,

and the observed variances of the data. It was estimated that the variance of a data was

equal to the square of the uncertainty in picking its associated arrival time data on the

seismogram.

The new A' matrix, S-la A Wla, may be decomposed by Singular Value

Decomposition (SVD) (e.g., Golub and Reinsch, 1971) into

A' = UA Vt (28)

where U and V are used to define orthogonal eigenvectors in the data and model

spaces respectively. A is the diagonalized matrix of eigenvalues.

Although SVD analysis requires more computational time than the Least

Square method, it is well worth it ( Lee and Stewart, 1981). For instance, it does a

better job for putting aside the eventual bad data and therefore, a better stability results.

The solution vector x is given by

x=WVA1UtSac (29)

This vector includes the increments of positions or of detonation times as was shown

earlier when the general matrix form was written literally.

In Eq. (29), the generalized inverse G (Penrose, 1955; Lanczos, 1961;
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Jackson, 1972) can be recognized as

=w'2vA1 Ut s-la (30)

since

(31)

The covariance of x will be

Cov(x) = WiaV A Vt Wia (32)

Furthermore, a measure of the independence of the data can be obtained by computing

the data resolution matrix

N=GG-g=[slau][slaut (33)

By snmming the diagonal element of this matrix, n = diag(N) "the important

n of the data" (Menke, 1984), the percentage of the contribution of the D waves and A

waves to the solution can be found.

In a similar manner, one may want to calculate the model resolution matrix R

which shows that the estimates of the model parameters are really weighted averages

of the true model parameters.

(34)

It is desirable that both N and R approximate the identity matrix.

Determining the number of nonzero

eigenvalues

In realistic inverse problems like ours, the eigenvalues smoothly decline in

size, making it hard to distinguish those that are actually nonzero from eigenvalues that

are zero but computed somewhat inaccurately owing to round-off error by the
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computer (Menke, 1984). Furthermore, the fact of selecting too many eigenvalues

would lead to a large solution variance since it is proportional to A2 (Lanczos, 1961).

On the other hand, it would improve the model and data resolution matrices. Hence, it

is particularly important to find a compromise.

The solution to this problem was to keep the number of eigenvalues for

which the sum of squares of the residuals is minimized. This process of computing the

sum of squares of residuals may be rather lengthy because it requires to relocate all the

shots and receivers and then to compute the estimated travel times of the various waves

thanks to the raytracing algorithm. Of course, this work need not be repeated for each

eigenvalue. Some idea is needed of what the correct number of null eigenvalues should

be, with a confidence of, more or less e eigenvalues. Then, the program can compute

the sum of squares of residuals for every number of null eigenvalues included in this

interval, if necessary. If the increments get abnormally big, it means that too many

nonzero eigenvalues were selected and one need not proceed. In our application of the

program, e was chosen equal to two.

Instability of the solution

The problem of nonuniqueness is not limited to a vertical plane, as was seen,

since horizontal displacements of the shots and receivers are also subject to this

problem. A perfectly flat baxhymetry is a simple example where any absolute

horizontal displacements of the shots and receivers do not affect the computed data.

Although it is very unlikely to face such a case, one cannot expect to

determine the absolute positions with a great accuracy because only the points
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representing the sea floor instruments serve to tie the location of the seismic profile to

the bathymetric chart The depths of these points as observed by shipboard echo

sounders are somewhat inaccurate. As the bathymetric chart is assumed to be error free

by the program, even small perturbations of these observed depths, within their

confidence intervals, may create a significant change of the absolute locations of the

receivers.

Two kinds of perturbations can be distinguished. There are perturbations

corresponding to the changes of depths caused by moving the receivers from their

previous depths to their new estimated depths. For each receiver, these displacements

are parallel to the planes regressed to the bathymeiry. The.flatter these planes are, the

farther the receivers may be displaced. There are also the perturbations brought by the

deviations from the true bathymetry, whenever the depths of the sea floor receivers are

computed. Notice that this last kind of perturbations will have its effect on the

displacements only during the next iteration.

Previously it was said that it may be wise to combine iterations where the true

depths of the receivers are computed with iterations where they are not. It is thought

that, in case of rough topography, it is better to run the two or three first iterations

without computing the true depths of the receivers. It is likely that the largest

displacements will occur during these iterations. Consequently, the largest deviations

from the true depth will also be the most likely to occur. Hopefully at the end of these

iterations, the receivers will be close to their true locations after having crossed the

major topographic features they may have to cross. It is important to notice that we

need at least two successive iterations to take advantage of this technique. We can
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probably run the last iterations by computing the true depths of the receivers.

50 meters is probably the best precision of absolute location one can expect.

It should not be surprising if the horizontal increments do not converge to zero even

after several iterations because they may bear witness to the instability of the solution.

Another nonuniqueness problem

Instability and nonuniqueness have previously been discussed without fear of

interchanging the words. It must be realized that this two words express nearly the

same problem. We have described in details our quest for a unique or stable solution.

Yet,, after few runs of the program, a problem was discovered that was not anticipated.

First, reconsider the perfectly flat bathymetry case. When it was mentioned

that any absolute horizontal displacements would have no effect on the computed data,

rotations or a combination of both rotation and translation were ignored.

In more realistic cases, it is likely that the topography will preclude any major

rotation. However, a small rotation by few degrees is not improbable as was shown in

Fig. 12. This figure depicts the results of the program without any constraint for

rotation. The data used were the same as will be used later. In this figure, the dashed

lines link the initial positions (dots) to the new ones (crosses). The rotation pattern is

obvious. Being aware that this rotation represents another manifestation of the

nonuniqueness problem, one still realizes that such rotation would not be observed

unless there is some kind of perturbation which causes it. When the ocean bottom

beneath the experiment is not flat, tying the sea floor receivers to the bathymetry

constitutes a strong constraint on their absolute displacements. Consider the scenario
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Figure 12. Evidence for the problem of rotation. In this figure, the dashed lines link
the initial positions (dots) to the new ones (crosses).
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where at a certain stage of the iteration process, most shots and receivers have been

located (their corresponding residuals are small), but there are still a few receivers

whose depths are not supported by the data. The inverse program must then move all

the experiment until the bathymetry yields better depths for these receivers. But, at the

same time the data corresponding to the other receivers should not be affected. The

program is going to use all the tools it possesses, and if it "feels" that its goal is best

achieved with a combination of rotation and translation, then a rotation will result. If

the depth's variation of the receivers was not constrained by the bathymetry, no

rotation should be seen, because there would be no justification for it.

Now, if one can accept a translation, a rotation, even a small one, is not

admissible. For instance, in Fig. 12 the initial positions were given by the ship's

navigation. The observed rotation suggested that the compass of the navigation system

was wrong by about 8 degrees, an improbable conclusion. Moreover, while a

translation has the same effect on all the shots and receivers, in term of absolute

displements a rotation moves the farthest elements from the rotation axis more than

the closest elements.

Clearly, one must resolve this problem. By considering the increments x1

and iy1 as vectors, one can constrain the global torque to be zero:

; y1 Axj + Xj Ày1 =0 (35)

It is obvious that this linear relationship can be written in matrix form. The x1

and y1 will be entered in one row of the data kernel. Then, a very large weighting

factor can be applied to this row that will ensure that no rotation will happen. Finally, a

zero will be added to the data vector.



With Fig. 13 one can appreciate the effectiveness of this method. Fig. 13 has

been plotted after the "anti-rotation" equation was implemented in the inversion.

Another difference between these two graphs is that Fig. 12 was drawn from the

results of a test run, while Fig. 13 corresponds to the results of the "second run" (see

next sections). Accordingly, the comparison between these two graphs should be

limited to this stage whose only goal was to demonstrate the effectiveness of

eliminating the rotation problem.
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Figure 13. Evidence for the effectiveness of the "anti-rotation" scheme. This graph is
similar to that shown in Fig. 12, but using the results of the last run. The
positions shown here were used to compute the velocity-depth function.
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The inverse program was run several times with synthetic data to better

understand how it behaves given some particular conditions. This provided an

excellent way of testing certain parts. This also enabled a check of the validity of most

of the assumptions. It was not until a strong confidence and understanding of the

program was achieved that it was applied to real data.

The data

First, it is worth noticing that one is concerned with two kinds of data. One

wants to collectwater wave travel time data (the D and A water waves) which will be

used as input to the location inversion program. However, the ultimate goal is to

interpret the seismic refraction travel time data.

The water wave data from the OBS's were assembled and sent to us by Dr H.

Jung and by Dr B. T. R. Lewis of the University of Washington. The waveform data,

recorded on magnetic tapes by the analog OBS's were amplified, filtered and digitized

at 100 samples per second, ten times less frequent than the hydrophones' data.

Moreover, the hydrophone systems have a dynamic range far greater than of OBS's.

Consequently, the water wave arrivals on the OBS's were clipped, making it more

difficult to distinguish these waves from the refraction waves. The water waves for the

hydrophones could be picked with an accuracy within 3 milliseconds for the D waves

and within 5 milliseconds for the A waves. For the OBS's it is difficult to get a better

precision than 20 milliseconds for the D waves and 40 milliseconds for the A waves.

As a consequence, the digitally recording hydrophonesprovided much more valuable
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data to the inversion than the OBS's due to a finer precision in determining arrival

times. However, two thirds of the total data available came from the OBS's.

Other inputs

The positions given by the ship's navigation were used as initial positions of

the shots and receivers. As mentioned earlier, both of the navigation systems did not

work as well as expected. The LORAN C system was behaving rather erratically and

only a few satellite fixes were recorded. Consequently, errors in terms of absolute

location on the order of one kilometer were probable. To take advantage of the

accuracy of the SEABEAM bathymetric map, it would be necessary to fix the survey

coordinates to the map coordinates, requiring a better absolute determination of

positions. This stage of tying map and survey together, would have been greatly

facilitated if the same LORAN C system as had been used to construct the map, was

used during the cruise. This was not the case. The sateffite navigation did not help

since the satellite fixes were too sparse. To find out where the experiment was located

on the SEABEAM map, an attempt was made to match this map with the chart

constructed from the echo-sounding data. To some eçtent success was reached but no

perfect fit could be obtained and a position was chosen that seemed the most likely.

This decision is probably the most questionable of this study, and it will be discussed

later how it can be dealt with in future experiments.

It may be useful to clarify some points about locations of shots and receivers.

There are three types of locations. Above, the first type has just been described and it

consists of finding the absolute array location on the map. Assuming that this
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operalion has been effected properly, it was said earlier that still one cannot get

uncertainties in the absolute location of shots and receivers, better than 50 meters. The

last type of location concerns the relative deviations of shots to receivers. The next

sections will demonstrate that, even though the absolute locations are not precise, one

can gain fairly decent positions of shots relative to receivers.

A reasonable guess is needed for the origin time of each shot. When

earthquakes are localized by inverse theory, a rough estimate of their origin time is

generally sufficient as initial guess. In this new application estimates of not only one,

but of several origin times must be provided. By running the program with synthetic

data, convergence to the solution was unobtainable unless realistic estimates of the

detonation times were provided. Rough or arbitrary estimates would create too much

instability. "Realistic estimates" means estimates that take into account some a priori

information about the shots' and receivers' positions such as the positions given by the

ship's navigation.

The origin times given were those computed by the program which originally

attempted to locate the shots and receivers (see section: Data reduction), which had

certain limitations. However, it represents a fast and easy way for obtaining good

estimates of the shot's origin times. Although it must be applied to all the shots, it is

not necessary to run it for every receiver.

Results of the first run

The first time the program was run, the attempt was to locate all the 40 shots

and 10 receivers. There were 470 data available and 181 parameters were to be solved.
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In Fig. 14, the mean vertical increments converge rapidly to zero by the second

iteration. This means that the depths of the shots and receivers are constrained as soon

as the second iteration. The mean of the horizontal increments do not converge as well

and after the sixth iteration their mean is about 97 meters with a standard deviation of

105 meters suggesting that there is no convergence. This is not quite the case,

however. Instead of looking at the total increments, one can examine the displacements

between the shots and the receivers by categorizing the results belonging to the shots

inside the array and those belonging to the shots outside. In Fig. 15a are plotted the

mean and standard deviations of the relative displacements for the shots inside the

array. The mean, as well as their standard deviations, are close to zero after the second

iteration, representing strong evidence for a nice convergence. For the shots outside,

(Fig. 15b) it is clear that there is certainly no convergence. Furthermore, it seems that

there is a clear divergence during the last two iterations since both the means and the

standard deviations increase drastically.

As expected, the shots outside the array are causing problems. In particular, a

careful study of the output showed that the primary source of instability was coming

from a few shots which were lying far outside the array and which were also recorded

by relatively few receivers (4 or 5). There is not much hope that these shots will be

located with the same accuracy as the shots inside the array. Even though their

displacements with respect to the receivers are big, their computed arrival times of the

D and A waves varies little. The sum of squares of residuals (SSR) (Fig. 16),

constantly decreases. The SSR has a drastic drop during the first iteration where it

goes from an initial value of 3.9694 to 0.3622 (fig. 16a). Fig. 16b, Shows a close-up
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Figure 15. Statistics about the relative displacements of the shots with respect to the
receivers for the first run. Fig. 15a displays these statistics for the shots
inside the array, the statistics for the shots outside the array are shown in
Fig. 15b.
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of the curve shown in Fig. 16a. The second largest drop of the SSR occurs during the

second iteration, decreasing slowly to its final value of 0.2774 after the sixth iteration.

Results of the second run

For the second run of the program, it was decided to discard the shots which

cause instability. It is prefered to use only the shots inside the array, but unfortunately,

there were too few of these shots (14). Therefore, it was decided to include some

shots which were not too far outside the array and which were also recorded by at least

six instruments. Even with these new conditions, there were not enough shots to

locate receiver 8. If this receiver was to be accurately located, the sole alternative was

to add three more shots. These shots were lying far outside the array but at least they

were recorded by more than seven receivers. So 26 shots were used of which, 14

where inside the array, 9 were outside but not too far and 3 were outside and far from

the array. Dr. H. Jung, of the University of Washington, warned that the water wave

arrival times from OBS 5 were untrustworthy. She was using another inverse

technique to locate the OBSs and had observed systematical large residuals associated

with OBS 5. Her assertion was confimied by the results from our first run, forcing the

removal of all data from this OBS from the inversion, providing 312 data and 123

parameters to solve for.

Earlier, a technique was described where the program does not compute the

true depth of the sea floor receivers for the first two or three iterations. Its purpose was

to enable the receivers to converge toward their true locations without being stopped

by some eventual topographic feature. Although, this technique seemed effective in



our runs, it did not bring any noticeable improvement to the stability or to the rate of

convergence of the solution in the first run of actual data, suggesting that the

assumption of flat bathymetry around the receivers was proper. It may not be

necessary to apply this previous technique to other experiments conducted over

smooth to moderate topographic relief. Consequently, in the second run, the program

computed the true depths of the sea floor receivers for each iteration and less than three

iterations were required to obtain convergence.

Fig. 17, similar to Fig. 14, plots the horizontal and vertical increments of run

2. These increments can be thought as absolute displacements with respect to the

coordinate system while the "relative displacements" are those displacements of the

shots with respect to the receivers. From this figure it can be appreciated how fast the

convergence was for both horizontal and vertical increments. It seems that

convergence was reached as soon as the first iteration. The horizontal increments are

much better than in the previous case, having a mean of 13 meters with a standard

deviation of 8 meters after the third iteration.

Fig. 18 shows that, for the last two iterations, there is almost no readjustment

of positions between the shots and the receivers. For the third iteration, the mean of

the relative displacements has a value of 0.2 meters and the standard deviation is 5

meters.

Fig. 19 depicts how the shots' orIgin times are behaving. It appears that they

stabilize after the first iteration. For the last iteration, the mean increment is 0.0

millisecond and its standard eior is 2.7 milliseconds. The similarities of shapes of

the curves from this figure with the curves from Fig. 18 is not surprising since the
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Figure 17. Mean of the horizontal and vertical increments for the three iterations of
the second run.
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changes in detonation times and the relative displacements ought to be intimately

linked.

An examination into the behavior of the SSR is beneficial. Fig. 20a shows a

drastic drop of the SSR during the first iteration beyond this iteration, there is little

variation. The close-up, Fig. 20b, shows that the minimum SSR is reached at the

second iteration.

It is necessary to ascertain whether more iterations are needed. The preceding

graphs suggest that convergence has been reached but one needs to make sure that the

variation of the SSR is no longer statistically significant. To do so requires some idea

about the confidence level of the SSR, which is particularly difficult to compute.

Knowing what typical errors in picking arrival time data are, one can show that the

observed SSR's are not significant. The OBS's had a precision of more or less 20

milliseconds for the D waves and 40 milliseconds for the A waves. The precision of

the hydrophones was about 3 milliseconds for the D waves and 5 milliseconds for the

A waves. These values are reasonable estimates of the standard errors () of the

corresponding residuals. For this run 115 seismograms recorded by the OBS's were

used together with 41 seismograms recorded by the hydrophones. The residuals can

be set equal to the errors associated with themselves and one can test whether this

operation has significantly reduced the SSR. Since in this case the residuals have a

nonuniform variance, the usual technique requires to form the ratio of the two

following related quantities:
N N

2 obs
1/(N-p) est, and XN..p = 1/(N-p) obs1

where the ej eat'5 are the residuals estimated from the errors in picking the arrival time
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Figure 20. Sum of squares of residuals for the three iterations of the second run.
Figures (a) and (b) show the same curve but with a different scale for the
ordinates.
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data, while the e1 obs'5 are the observed residuals. The at's are the standard errors of

the residuals. The two above quantities are chosen because they have a X2 distribution

with N-p degrees of freedom where N stands for the number of data and p is the

number of eigenvalues retained. Therefore, the ratio
2obs 2est

F=XN 'XN..P

has a F distribution with (N-p,N-p) degrees of freedom. In practice it is sufficient to

use approximate estimates of the residuals' errors when computing the F ratio.

Accordingly, it was assumed that the estimated residuals' errors (e1 ) were equal to

their respective standard errors (a1). The largest SSR occurs at the third iteration where

312 data and 113 eigenvalues were retained. This gives N-p = 199 and the observed

residuals yield

= 7.840

On the other hand,

= 115 (.02 + .04) +41 (.003 + .005) = 7.228

The F ratio is equal to 1.08. Now, the probability that F(199, 199) is greater than 1.08

is much bigger than 5%. Therefore, one can conclude that the observed SSR is really

the same as a SSR that would be caused by errors in picking arrival time data. This

conclusion can be extended to the three observed SSR's (iteration 1,2, and 3) and that

these SSR's are below their95% confidence level.

The observed SSR's can be explained without invoking any mislocations of

shots and receivers. Therefore, one can assert that the convergence noticed in the

previous figures was real and that more iterations are not needed. The third iteration

has higher SSR than the second iteration, but it does not mean that the solution begins



to diverge. Since this SSR is still below its confidence level , it may still be considered

as the result of random fluctuations of the various errors within their confidence

intervals. For the same reason, one cannot claim that the best solution was obtained

after the second iteration which had the lowest SSR.

Once one as determined a proper solution by examining the SSR, one can

wish now to determine how accurate were the locations. This determination is

ambiguous since the covariance matrix of the parameters is difficult to interpret in

terms of confidence intervals. The parameters that are solved are actually the

increments of positions or detonation times and not the positions or the detonation

times themselves. The covariance matrix of the parameters is computed with Eq. (32)

which was derived for the case of a linear problem. Eq. (32) computes an estimate of

the covariance matrix and provided the problem is not too nonlinear, this estimate is

probably adequate for this application. It must not be forgotten either that, if the data

are assumed to have a Gaussian distribution, then any nonlinearity makes the

distributions of the positions or detonation times non-Gaussian. Finally, there is the

trade-off between covariance and resolution matrices which is governed by the number

of eigenvalues retained. Hence, it may be impossible to provide accurate error bars to

the positions.

The results of run 2, with 113 eigenvectors retained at the third iteration,

stated that the standard errors of the horizontal increments of position (x or y

directions) had a mean equal to 20 meters while for the depths, the mean of the

standard errors was 11 meters. The worst standard errors were 49 meters for the shots

and 28 meters for the receivers. The mean of the standard errors of the detonation
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times was equal to 10 milliseconds.

The above statistics are probably underestimated, since they assume that the

depths of the sea floor instruments are exact. Another flaw is that they are sensitive to

the number of eigenvalues selected. Despite this, if one wants to draw error bars of

positions, one must be aware that the confidence intervals will concern absolute

positions. Previously, the precision of the absolute positions was anticipated to be

around 50 meters. It is felt that it is wiser to get a general idea about the precision of

the absolute locations through this kind of guess than trying to use the computed

standard errors of the increments. There are at least two justifications for this

conclusion: First, to avoid mIdng errors in the interpretation of the covariance matrix

of the parameters and second, the accuracy of the absolute positions are not precisely

known, because one is mainly concerned with the relative changes of shots to

receivers.

In Fig. 18, it was shown that there is almost no relative displacements

between the shots and the receivers during the last two iterations. This certainly does

not mean that there are no errors in the deteirnination of the relative positions.

However, it is worth noticing in Fig. 20b that, at the same time, we have reduced the

SSR below its confidence level.

One can obtain a notion about the precision of relative positions by

scrutinizing the results from numerous tests on real as well as synthetic data. In

particular, it is possible to look at how stable these relative positions are, given

different initial guesses of positions. It is inferred that the shots inside the array were

probably located within 10 meters, especially if they were recorded by the



hydrophones, due to the higher precision of these readings. When the shots were

outside the array, it appears that the precision of the relative positions is between 10

and 40 meters depending on various factors such as, their distance from the array, the

number of receivers which recorded the shots, and the geometry of the array. A plot of

the new positions obtained from this run is shown in Fig. 13.

An attempt was made to locate the shots that were left out the second run. All

these shots were lying far outside the array but, by using the new positions of the

receivers and by keeping these positions fixed, one may determine these shot

locations. To preserve the independence of the data of a given shot with respect to the

other data, only one shot at a time was located. Convergence was always obtained

with less than four iterations. In spite of this, perturbation of the positions of the

receivers by few meters, produced totally different results. Differences in relative

positions of the order of 60 meters were not unusual. Clearly, this is a very unstable

problem and the results could not be trusted. None of the data from these shots were

used to determine the velocity-depth function.

To demonstrate the percentage of contribution to the solution of the different

water waves, the pie chart of Fig. 21 has been drawn from the results of the second

run. The D waves contribute for 70.3% and the A waves contribute for 29.7% to the

solution. Similar information from other tests or runs indicate that the contribution of

the D wave is somewhere between 65% and 75%. The D wave certainly constrain the

shot-receiver offsets much better than the A wave. Recall that these offsets lead to the

determination of the x and y coordinates (see Fig. 6) and of the origin times. The D

waves contain also some information about the shots' depths. Therefore, it seems
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Figure 21. This pie chart shows that the direct water waves contribute about twice as
much to the solution as the waves reflected off the sea surface.
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logical that the D waves coniribute more to the solution than the A waves.
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REDUCTION OF THE DATA TO

THE SEA FLOOR

Methodology

After having located the shots and the receivers, the next stage in the

processing of the seismic data consists in reducing them to the sea floor. One of the

principal assumptions in seismic refraction is that the ocean bottom is flat This

assumption is seldom valid; nevertheless, it is possible to correct for the topographic

irregularities. This correction process can significantly improve the resolution of travel

time data (Lewis, 1978). Note that the qualifying word "seismic" is used for the data,

to emphasize that the data now dealt with are not the same as those used in the

previous sections. The previous data comprised arrival times of the D and A water

waves, used for the purpose of locating the shots and receivers. Here, we return to the

main goal of a seismic survey: interpreting the seismic data.

Several techniques of topographic corrections exist (e.g., Purdy, 1982a). The

problem is to choose one which we believe will be the most objective for this particular

case. The technique, chosen has been applied in many other studies (Dorman and

Jacobson, 1981; Jacobson et al., 1984), which reduces the data to the sea floor by

subtracting the water paths of the refracted rays. Considering the new experience for

numerically using a SEABEAM bathymetric chart, it was felt that this technique could

be improved.

By knowing the detonation times of each shot, one can measure the raw

arrival times of the refraction waves on the seismograms. On wishes to remove from



72

these rays both the distances and the travel times due to the water paths.

Fig. 22 illustrates the problem. The depth of the shot (zi), the depth of the

receiver (Zn), and the offset (si) between these two elements are known.

Nevertheless, these parameters are not sufficient. One must also know the depths (z

and z) where the ray enters and exits the sea floor. Of course, if the receiver lies on

the sea floor then, z = z. Furthermore, one must be able to compute the ray path in

the water, requiring the knowledge of the ray parameter (p). Although it seems that

there are too many unknowns, one can solve this problem by an iterative procedure.

Like many other iterative procedures, one start with reasonable estimates of

the unknowns, hoping that these estimates will converge to their true values. The

initial guess of the ray parameter need not be too accurate. By taking the inverse of a

reasonable velocity of the crust beneath the experiment, one obtains an appropriate

estimate. The original program required the depths of the entry points to be evaluated

manually. The usual technique is to overlay a bathymetric map of the area with a plot

of the shots' and receivers' positions. This operation could take quite some time and

can be rather subjective. It was decided to take advantage of all the information

available, including the SEABEAM bathymetric chart In the previous sections it was

shown how to calculate the depth of any point on the sea floor, provided its

coordinates x and y are known. Thus, if a way of determining these same coordinates

for the entry points is found, one is able to compute their depths. The technique is as

follows: First guess the distances dir and d15 (see Fig.22). The positions of the shots

and receivers axe known. Assuming that the guesses of d1 and d15 are approximately

correct, one can find the x and y coordinates of the entry points, as it is a simple
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Figure 22. A cartoon to illustrate the problem of reducing the travel time data to the sea
floor. See text for discussion.
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trigonometric problem (see Fig. 23). Accordingly, the depths can be found.

Having estimated the ray parameters and the depths of the entry points, the

first iteration can be started. Each ray can be traced in the water, on both sides, until it

reaches the depth of its entry point. This ray tracing not only enables a computation of

the amount of time and distance one has to subtract from the raw arrival times and

ranges, respectively, it also permits better estimates of the distances d15 and dir to be

computed. This means that better estimates of the depths of the entry points can be

determined for the next iteration. A regression function, such as a polynomial or an

exponential function, is applied to the reduced data points. The choice of the

regression function must be in accord with physical reasoning. For instance, if the data

corresponding to the first arrival time branch are to be reduced, the regression function

should be forced through the origin. The aim of the regression is mainly to obtain new

estimates of the ray parameters. These new estimates are given by the inverse slope at

each data point. The slope is found by taking the first derivative of the regression

function. Dorman and Jacobson (1981) and Jacobson et al. (1984) explain where on

the travel time curve the slope should be measured.

With the new estimates one can reduce the raw data to the sea floor again.

This second iteration should yield even better estimates. This process is repeated until

convergence. In general, no more than four iterations are necessary.

The principal difficulty of this method is to single out the eventual distinct

travel time branches. Travel times pertaining to different branches should not be

reduced with the same regression function. Any build up of energy within a record

section may bear witness to a travel time triplication, indicating the presence of several
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Figure 23. Computation of the x and Y coordinates of the entry point (x1,y1) and of
the exit point (x2,y2) for a ray leaving the source at S(x5,y5) and being
received at R(Xr,YrJ
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The first attempt to plot a record section, used the shots' positions computed

with the prior method of locating the shots by shipboard navigation and bathymetry

(see chapter 2). The earlier version of the reduction technique, described above, which

requires one to determine graphically the depths of the entry points of the rays was

used. The bathymetric chart constructed from the echo-sounding data was used for this

purpose. Several regression functions were attempted for the reduction, but none

proved to yield satisfactory results. Fig. 24 shows the record section using the best of

these regression curves. In this figure, as well as in Fig. 25, a series of numbers is

associated with each seismogram. These numbers enable to set apart the shots. For

instance, the second number is the shot number and the last number is the range in

meters. In Fig. 24, the scatter is so bad that the regression curve is curving upward, a

physically impossible situation.

To tell whether the efforts for improving the locations of the shots and

receivers as well as, the reduction to the sea floor, were paying off, a second record

section was made. The shots' and receivers' positions obtained after the second

iteration of the inverse theory technique were input to the revised method for reducing

the data down to the sea floor. Several attempts were made to divide the set of data

points into two travel time branches to account for the small amplitude signals recorded

prior to the larger signals for shots 23 and 24 (see Fig. 25). Only the seismograms

from these two shots, recorded by the same receiver (receiver 8), clearly showed two
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arrival times. The evidence for the occurrence of two travel time branches can only be

supported if a coherence is observed in arrival times as well as a coherence in

amplitude between the phases of the same branch. Because of the scatter of the data, it

was possible to select subjectively some phases so that the condition of coherence in

arrival times was fulfilled. On the other hand, some obvious incoherences in amplitude

were noticeable. For instance, it was difficult to explain the drastic drop in amplitude

between the first arrival of shot 17 (see Fig. 25) and the first arrival of shot 23 (the

precursor). Furthermore, there was no clear evidence for a triplication. Several

solutions were tried but none turned out to be satisfactory. Accordingly, a single iravel

time branch solution was retained which was supported by independent work of the

University of Washington using their OBS's data. The small amplitude signals of

shots 23 and 24 may be explained by local heterogeneities around receiver 8. The best

regression function in terms of residuals and significance of the regression parameters

was:

X=2701T+2404T3

where X is the reduced shot-receiver range (meters) and T is the reduced travel time

(seconds). It is undeniable that this record section is much better than the previous

one, suggesting that the processing of the data has been significantly improved.

A significant scatter of the arrivals exists, which may be explained by lateral

heterogeneities in the crust. This part of the crust is known to be a region of high

lateral heterogeneities (Ewing and Houtz, 1979; Spudich and Orcutt, 1980a). This was

recently confirmed for in the experimental area by Kappel and Ryan (1986). Using a

deep-towed side-looking sonar they imaged volcanic and tectonic terrains along the



Juan De Fuca ridge. They found that the flanks of the crestal ridge had few observable

faults and fissures but contained a texture of overlapping bulbous mounds of lava with

nibbles from collapsed lava surfaces. Such an environment is likely to create the

scatter we observe. Alternatively, since we were not able to tie the experiment

precisely to the SEABEAM map the array's absolute position uncertainties may also be

responsible for part of this scatter.
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VELOCiTY-DEPTH FUNCTION

Reduced travel time data points were inverted using the revised tau-zeta

inversion method (Jacobson, 1980; Dorman and Jacobson, 1981; Jacobson et aL,

1984; B& and Jacobson, 1984). A thomugh description of this method can be found

in the articles listed above. This method models the earth's crust as a set of layers with

constant velocity gradient, allowing the velocity to vary continuously with depth. The

tau-zeta technique first reparameterizes the travel time, T, and range, X, into the tau ('c)

and zeta () form, as:

t(p)=T - pX (p) = T + pX

where p is the horizontal slowness with which the seismic wave travels. This

reparameterization eliminates the dependence of X with T(X) and accordingly, it also

eliminates the multiplicity from the triplication of X or T(X) when a major change of

the velocity gradient occurs at depth. in the new coordinate system with main axes t(p)

and (p), p is the independent variable. Dorman and Jacobson (1981) demonstrated

the linearity of zeta and tau with the inverse velocity gradient for each layer. The

inversion solves for the velocity gradients. By integration of these gradients the depths

of the layer boundaries are obtained. Following the conclusions of Bee and Jacobson

(1984), velocities of observed refracted waves are used as velocities at the layer

boundaries. Although all the data available were inverted, not all of them were used to

construct the layer boundaries, as the number of layers selected was less than the

number of data points. The determination of the number of layers is rather subjective,

as there is a trade off between resolution and variance. For this case, a small variance

was prefered to get smooth solution so that the effects of scatter were minimized.



By inverting t(p) and C(p) together, a tighter bound on the velocity-depth

function are obtained than by only inverting t(p). One weakness of the method is the

loss of objectivity during the determination of slowness p which depends on the type

of regression curve used for reducing the data to the sea floor. In the previous section,

it was mentioned that the values of p are determined by the slopes of the curve fit

through the reduced data point. With the revised method (Jacobson et aL, 1984), this

problem has been considered to yield more realistic enor bounds of the velocity-depth

function.

The tan-zeta technique requires an assumption of lateral homogeneity. This

assumption is probably wrong in this case as we have already seen the effects of local

inhomogeneities. However, one can derive a velocity-depth function that averages

over the entire anay. By definition, a more refined technique would account for lateral

heterogeneities, requiring a three dimensional plot of the velocity-depth function.

The best velocity gradient profile determined., is plotted in Fig. 26. The

gradient starts at the surface with a value of about 4.5 and decreases gradually with

depth to values around 4.1 s* Such high gradients are not surprising for the

uppermost oceanic crust and especially for the first 600n,. Similar gradients had been

observed by Ewing and Purdy (1982) in the ROSE area of the East Pacific Rise,

where they obtained a value of 4.9 s_i for the uppermost 500m of crust. Because of

the geomeiry of his experiment on the Juan De Fuca ridge axis at 44 40' N, Bibee

(1986) could not observe first arrivals that turn in the upper 250 meters of the crust.

Nevertheless, from the travel time constraints of the deeper turning rays, this part of

the crust was modeled as a layer with a velocity gradient of about 7.5 and with a
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Figure 26. Velocity gradient versus depth for the upper 600m of the oceanic crust, 13
km east of the Juan De Fuca ridge axis. The gradient starts at the surface
with a value of 4.5 s_i and decreases gradually with depth to values around
4.1 s_I.
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2.5 km/s surface velocity.

The velocity-depth function for our area is displayed in Fig. 27. A relatively

low surface velocity (2.7 km/s) increases rapidly with depth. The evidence of very

low seismic velocities at the surface has been noticed by several marine seismologists.

Following an idea from Spudich and Orcutt (1980b), Ewing and Purdy (1982)

suggested that a high porosity in form of properly oriented large fissures could

certainly explain such low values. Then a sealing with depth of the pores and cracks

by chemical processes or a rapid decrease with depth of the percentage of these cracks

and voids, would explain the high velocity gradient. This conclusion was supported

by Purdy (1982b) from data collected within two areas on the flank of the East Pacific

Rise.
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Figure 27. Velocity versus depth for the upper 600m of the oceanic crust, 13 km east
of the Juan De Fuca ridge axis.



DISCUSSION

Never before has such an experiment been conducted to study the uppermost

part of a young oceanic crust near a spreading ridge axis. Some of the existing

methods for processing the data, which had been used with success in similar studies

(e.g., well stratified and flat sediments), proved to be inadequate. It was decided to

solve for the shots' and receivers' positions and for the detonation times, by inverting

two types of water wave arrival times. These two types of water waves were the direct

water wave and the wave reflected from the sea surface. These waves were chosen

because they were the easiest to invert and uncontaminated by bottom reflections.

Valuable information could be gained from an available SEABEAM map of bathymetry

which was used to constrain the depths of the receivers. The experiment was not

originally designed with the knowledge that the shots would be located by inverse

theory. Some of these shots were lying too far outside the receivers' array and it was

hopeless to determine their positions accurately with this technique. Relative position

errors were on the order of lOm for the shots inside the array. It is felt that the worst

relative error, for the shots used in the record section, was not larger than 40m.

Certainly the most serious problem that we encountered was the inability to tie

the coordinates of the array to the SEABEAM bathymetric chart. The two navigation

systems that we used during the survey did a poor job of giving accurate absolute

positions. Although an attempt was tried to match the map constructed with the

echo-sounding data with the SEABEAM map, we acknowledge that our choice of

initial absolute positions for the experiment was rather subjective. For future

experiments, a solution to this problem could be a technique similar to that developed
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by Creager and Dorman (1984), where they put transponders on they OBS's. They

ranged their OBS's at the time they got a satellite fix. By inverting the two-way travel

times from the transponders, they were able to put tight constraints on both absolute

and relative positions of the OBS's. If an area of the ocean chosen for future

experiments for which a SEABEAM bathymetric chart is not available, an obvious

solution would be to conduct the SEABEAM mapping and the refraction experiment at

the same time.

Reducing the data to the sea floor requires a determination of the depths of the

entry and exit points of the refracted rays. This process has always been a major

source of inaccuracy, particularly when it had to be performed in a three dimensional

space. After having located the shots and receivers on a SEABEAM map, we were

able to implement the computation of the depths of the entry points from the

SEABEAM bathymetric data, in an iterative procedure which reduces the shots to the

sea floor.

As far as we know, a SEABEAM map had never been used numerically in a

marine seismic refraction study. We hope we have convinced the readers that such a

map provides valuable information of the sea floor topography. Furthermore, the

bathymetric data are generally available on magnetic tape with a given grid spacing.

This form is particularly convenient for any numerical application.

By comparing the record section of the prior processing method with that of

the new method, the improvement is obvious. From the latter record section, we

applied the revised tau-zeta inversion method to construct a velocity-depth function of

the uppermost 600m of the crust. We observed a high velocity gradient, around 4.5



s', which is in accord with previous studies. The low surface velocity which

increases rapidly with depth, suggests that the oceanic crust is very porous at the

surface. The porosity must decreases with depth, due to sealing of the cracks or to

decrease of the percentage of these cracks.



CONCLUSION

Although, our goal has been obtained of computing a velocity-depth function

of the shallowmost oceanic crust, it is clear that a future experiment, using the same

method, must be designed differently. The first requirement would be to extend the

size of the array so that the shots lie inside or near this array. The positioning of the

shots and receivers would be significantly improved if at least three digitally recording

receivers with high sampling rates were used simultaneously. Generally, digital

records enable picking the water wave arrivals much more accurately than analog

records. We believe that the utilization of SEABEAM bathymetric data played an

important role in the success of our method. For a future survey, improvements

require a precise tie of the experiment location to the bathymetry.

We have thus far ignored the effects of lateral heterogeneities to derive the

velocity-depth function. We believe that the techniques developed have the potential of

giving such confidence in the travel times of the refracted waves that tomographic

techniques can be considered to account for these effects. Because of the various

problem mentioned earlier, our data set is probably inadequate for tomographic

inversion. Future experiments, properly designed, should certainly reach the

resolution necessary to permit this kind of study. As suggested by Koelsch et aL

(1986), a three dimensional representation of the velocity structure of the crust would

constitute a new stage in marine seismic refraction.
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