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ABSTRACT

Two reversed seismic refraction profiles, 90 and 120 km in length,
located between Iceland and Feeroes, show that the crust of the Iceland-Faeroe
Rise is neither typically oceanic nor typically continental. It is of the
order of 18 km thick and shows layering similar to that observed on Iceland.
Offsets in the travel-time graphs are identified with marked topographic

variations in the upper boundary of layer 2,

A third profile on the lower flank of the Iceland~Faeroe Rise, to the

south-west, shows that the crust thins in this direction.

Seismic refraction profiles over and adjacent to a previously located
sedimentary basin on the continental shelf west of the Shetland islands,
confirm the probable existence of a 3 km thick sequence of Mesozoic-Tertiary
strata, and establish that there is a similar thickness of higher velocity,

possibly Palaeozoic, rock between this and the metamorphic basement.

Seismic refraction and reflection data and gravity and magnetic field
measurements obtained from a region close to the south-west coasts of the
Shetlands, confirm and locate the southerly extension of the Walls boundary
fault. A sedimentary basin is outlined which is 1 to 1.5 km deep and
probably of Mesozoic-Tertiary age. In addition, it is concluded that rocks
similar to the grenite and Walls sandstone of the Walls Peninsular underlie
the sedimentary basin and that there is a trough of 0ld Red Sandstone rocks

to the east of Sumburgh Head, south Shetlands.
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INTRODUCTION

The work presented here is primarily concerned with seismic refraction
experiments which were made during cruises organised by the University of
Durham Geology department in the summers of 1969 and 1970 in the north-eastern
Atlantic, between Iceland and Scotland. Previous work done by the Durham
group had established the magnetic and gravity field anomaly patterns in
the region and the seismic lines were planned with respect to these, with a
view to establishing the crustal structure in more detail. The locations
of the lines are shown in fig. O-1 and the geographical co-ordinates of the

hydrophone stations are listed in Appendix A.

For the 1969 cruise two cargo ships, the "Moray Firth" and the
"Arran Firth", were fitted out in the Tyme, one taking aboard 20,000 1b.
of geophex. En route for the Iceland~Faeroe Rise a reversed line was shot
on the continental shelf, west of Shetland, where a sedimentary basin had
been located by previous geophysical work. This 50 km line (AB)* was
intended to test the two-ship system and to give further information on the
structure of the basin. The results are described in Chapter 5 together
with those of an wnreversed line (L) obtained in the same region during the

1970 cruise.

DtJ;ring the 1969 cruise two reversed lines (CD and EF), 90 and 120 km
long, were completed along the crest of the Iceland-Faeroe Rise and a shorter
line (GH), TO km long, was shot in the relatively deep water to the south-west
of the Rise. The proposed complementary line, perpendicular to the latter
and parallel with the magnetic lineations, was cancelled owing to bad weather.
It was hoped to obtain seismic reflection profiles along the refraction lines,
using an airgun source, to give control of the uppermost layers, but unfort-

:unately this was not achieved.

¥ . The notation adopted for lsbelling the lines is that a single unreversed

line is designated, for example, line X, whereas with its com@leméntary line
Y, shot in the reverse direction, it is referred to as line XY.



The first four chapters are concerned with the collection, reduction

and interpretation of the data obtained between Iceland and Faeroes.

Six days of the 1970 cruise on R.R.S. John Murray were appointed
for single ship seismic refraction experiments on ?he Shetland~Hebridean
shelf, A Bradley sono-buoy system was kindly lent by the University of
Birmingham for this purpose. Initial difficulties with the equipment and
bad weather left three days in which useful work was accomplished. A
20 km reversed line (KM) was shot along a gravity low south of the Wall's
Peninsula (Shetland), parallel to south Mainland. The unreversed line (L),
adjacent to line AB was made in this period. In addition, about 600 km
of gravity and magnetic field observations were obtained, about half of
this distance being covered also by seismic reflection profiles using a

1 KJ sparker. Chapter 6 contains a description of the sono-bucy technique

and the results of the survey.




Fig. 0-1.

Phnysiogrephic map of the Iceland-Scotlend region showing
the location of seismic refraction profiles A, B, C, D, E,

F, G, H, L, K, M.  (Durham University, 1969, 1970); E5

(Bwing and Bwing, 1959); L8, L9 (Palmeson, 1970). Bathymetric

contours are in fathoms.
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CHAPTER 1

THE INSTRUMENTATION AND EXPERIMENTAL PROCEDURE

Introduction

Prior to designing and planning the proposed seismic refraction
experiment it was necessary to examine the techniques which could be
used to achieve the aims of the experiment, together with any

limitations which might exist.

The limjtations imposed on the design and planning of the
experiment were as follows:

a. A requirement of shooting reversed lines in excess of

100 km in length.

b. Non-reliance upon calm weather to give successful results.

c. Limited use of a small coastal boat for testing equipment.

d. A small budget (£1,000) for instrumentation.

e. Eight months in which to plan and prepare for the cruise.

f. A meximm of ten personnel to assist in the experiment.

Marine seismic refraction methods.

There are three primary techniques which are being used successfully
at the present time. These may be referred to as (a) the two ship
method, (b) the sono-buoy method, (c) the ship-to-shore method.

The two ship method

This method has been described by Ewing et al. (1950), Officer et al.

(1959), and Shor (1963).

Two ships are used in the survey. The shooting ship proceeds
along the profile detonating charges, whilst the other ship remains
stationary and receives and records the seismic signals at one end of

the profile. The shooting ship either records the shot instant against /



1.2.2

against a clock or transmits a signal, triggered by the shot instant,

to the receiving ship.

The receiving vessel detects seismic arrivals by having one or
more hydrophones (pressure sensitive devices) outboard, connected
to the ship by a cable. Elaborate precautions are necessary to
ensure that acoustic noise at the hydrophone, due to the movement
of the ship, the connecting cable or currents, is of the same order
as the low frequency pressure variations caused by the sea in calm

weather.

All non-essential machinery is turned off on the ship and the
hydrophone is usually placed sbout 60 m. below the surface on a
multiple-bight, neutrally buoyant suspension, to reduce mechanical

coupling with the ship.

This coupling is further reduced by either placing the hydrophone
below a buoy ebout 500 m. from the ship, or by allowing it to sink

slowly beneath the ship during the time when arrivals are being received.

The sono-buoy method

With this technique only one ship is used, The hydrophohe is
suspended beneath a buoy which is launched prior to the ship steaming
along the profile detonating charges. Two classes of buoy have been
developed. In one the buoy transmits the received seismic signals
back to the shooting ship by radio, where they are recorded together
with the shot instant end a time channel (Hill, 1952). In the other
system the buoy contains a recorder (photographic or magnetic tape)

and an accurste clock (Francis, 196L4; Meyer et al. 1967). This /



This self-recording buoy has the adventage of being able to operate
at longer ranges than the telemetry system (limited to about 50 km
range), and is less dependent upon calm weather (required for good

radio transmission and reception).

An obvious disadvantage of a sono-buoy system is that the position
of a buoy cannot be monitored and re-location can waste a considerable
amount of ship time, particularly in bad weather. Another disadvant-

age is that adjustments cannot be made to the gain or filter settings,

or to the hydrophone suspension, while a line is being shot.

1.2.3 The ship-to-shore method

This technique, in which the charges are detonated at sea and
the seismic arrivals received at a land station, has beén used
successfully by Durham University in southwest England (Holder, 1969;
Bott, Holder, Long and Lucas, 1970). This technique cambines the
primary advantage of marine work - that of easy detonation of large
charges, with the relatively low cost and low noisé of a land-based
receiving station. The technique is only applicable to the study
of a region in which there is a suitable rela&ionship bétween land

and sea and the structure being examined.

It was decided that a study of the deep structure of the crust
in the Iceland-Facroes region would be best effected using the two—ship

system,

1.3 The instrumentation

Block diagrams of the shooting ship and receiving ship instrumentation

are shown in fig. 1-1 and fig. 1-2, respectively.

1.3.1 The receiving ship instrumentation /
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1.3.1 The receiving ship instrumentation

All of the individual units except the interface unit were
standard pieces of equipment which had been thoroughly tested by the
manufacturers and considered to be reliable. The hydrophones and
connecting cable were purchased for the experiment, the large screen
oscilloscope hired, the seismic amplifier and filter units kindly
lent by Leicester University, and the tape recorder, galvanometer
recorder, clocks and communications receivers were already availsble
in the Geology department, University of Durham. These wits were
assembled, interfaced together and tested in the laboratory during the
months prior to the cruise. A sea trial was conducted with the
equipment which did not require a mains voltage supply (i.e. without
the tape recorder). This served primarily to test the waterproof

qualities of the outboard cable connections and battery boxes.

In operation, the output from the hydrophone gystem was fed into
the amplifier unit which embodied an attenuator in the input line.
At this stage the signals could be filtered. The output from the
amplifier wmit, at two levels, was matched to an ultra-violet
galvanometer recorder and a magnetic tape recorder. A time channel
was recorded together with the signal channels, an@ another channel
on each recorder was linked to the ship's radio, a microphone, or a
communications receiver through a selector unit. The U V recorder
produced a paper record and served as a monitoring device and a
'"pack-up' recorder in case of tape recorder failure. The large
screen oscilloscope served to monitor the magnetic tape channels
immediately after they had been written. The speaker monitored

the voice channel of the tape recorder.

1.3.2 The hydrophone system and suspension /
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1.3.2 The hydrophone system and suspension

In selecting a hydrophone system it is necessary to consider
the level of signals which it is required to detect, and the frequency

range in which useful informstion will be contained.

Most of the information in refracted arrivals observed at sea
is in the bandwidth 2Hz to 20Hz (Shor, 1963). The low frequency
pressure variations due to sea noise in calm weather are about
0.1 uvbar (Wenz, 1962), whilst the intensity of the direct arrival
may be as high as 10,000 ybar. It is desirsble, therefore, to have

a dynamic rsnge in the pre—amplifier of 100 dB.

The Clevite Corporation hydrophone system CS=1331LAF has
characteristics which satisfy the requirements outlined above, and

this system was purchased for the experiment.

The system comprises a sensor module and a pre-amplifier assembly

which matches the high impedance output of the sensor to the cable.

The self-noise in the pre-amplifier is, at maximum, equivalent
to less than 0.1 ybar pressure variation and the maximum pressure
for 5% distortion is sbout 14,000 pbar. The dynamic range of the
system is, therefore, greater than 100 dB. The limiting factor
on the minimum signal level which can be observed is, therefore,
the embient sea noise which, in the north—-eastern Atlantic, is not

likely to be as low as 0.1 pbar.

The characteristies of the hydrophone system are tabulated

overleaf.

Clevite hydrophone system CS—-1331LAF specificdtions /



Clevite hydrophone system CS=1331LAF specificatinns

Frequency range : 2Hz to 10kHz * 1dB flat range

Sensitivity : -T6dBV /ubar

Self=noise : -100dBV max. (-23dB re ﬁbar max. pressure
equivalent)

Dynamic range : 1064B

Gain : 104B

Output impedance : 50 ohm.

In operation, two hydrophones were suspended beneath a buoy at

depths of 30 and 60 metres. (fig. 1-3a).

The choice of depth is a compromise between various factors.
The energy from surface noise is reduced with a deeply suspended
hydrophone but this increases the 'dangling noise' due to currents
past the cable. A second consideration is the relative phases of the
direct and surface-reflected headwave arrivals. The maximum energy
is observed when these are in phase at the hydrophone. The depths chosen
were suitgble for observing a high percentage of the maximum possible

energy in the frequency renge 2Hz to 15Hz.

The hydrophones were streamed on gbout 30 metres of cable formed
into bights with small floats (the aim of which was to achieve mechanical
decoupling from the surface buoy and the ship) and the hydrophone itself
was made neutrally buoyant with a wooden float. This assembly was
slightly negatively buoyant at depth, and was raised between shots
by towing. Following the towing the noise levels decreased rapidly

and low noise levels were obtained for several minutes. To enable /
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enable the hydrophones to be towed between shots and to maintain
position on an anchored dahn buoy, a rope was run out to the
hydrophone buoy alongside the signal cable. This system caused
greater handling problems but was about five times cheaper than an
armoured cable.

Power was supplied to the hydrophone pre~amplifier unit from

a PX-6 Mallory cell contained in a brass case at the hydrophone buoy.

The second method of hydrophone suspension which was employed
(fig. 1-3b) consisted of about 60 metres of weighted main cable to
which the hydrophone was connected through about 35 metres of cable
formed into three bights. The assenbly was nggatively buoyant and
was put overboard a few minutes before each shot and allowed to sink
slowly, a rope being used to ensure the rapid formation of the first

bight. ©Power was supplied from a stabilised source inboard.

In both systems waterproof joints were made using materials
obtained from the 3M Company. The joints proved satisfactory and

were quick and easy to make.

The amplifier and filter units

The SIE model GTR~200 seismic amplifier system (used in the
survey) has been designed for the amplification of seismic signals
in the refraction band and is suitable for long range refraction
work. The amplifier unit has eight input channels, each leading
to two tape recorder outputs and two galvanometer recorder outputs.
The tape output levels are separated by 30dB and the galvanometer

levels by 15dB. Each output has a gain control.

The /
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The amplifier is designed to handle signals from 0.1uV to
100 uV with the maximum gain setting (a dynamic range of 60dB).
Input attenuation is available in steps of 6dB up to 84dB enabling
signals in the range 0.1 uV to 1.6V to be handled. The expected
range of output levels from the hydrophone system is 16 uV to 1.6V.
This range can be achieved in the amplifier system by using two channels

with 42 and 84dB attenuation at the input.

High and low cut filters can be switched in to pairs of channels,
the 'filter out' condition corresponding to a frequency response of

1 to 200Hz.

During the survey tape recordings were made with the greatest
bandwidth to ensure reception of the water wave signals in the higher
frequency range. In particularly noisy sea conditions, a single
channel was filtered. TFor more distant shots (with high gain levels)
it was necessary to use filters for the galvanometer recordings. To
achieve different bandpasses for galvanometer and tape recordings
the input signals were split and directed to two or more amplifier
chennels by the “amplifier jnput channel selector'. This was designed
to enable either hydrophone to be input to any number of amplifier

channels.

The limitation of four seismic channels in the tape recorder
necessitated adjustments to the input attenuators and gain controls
as the range of the shots increased. With more recording channels
it would have been possible to cover the entire range of input levels,
and filter settings required without making adjustments during the
survey.

SIE GTR-200 Amplifier and filter specifications /
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SIE @Qr'R=-200 Amplifier and filter specifications

Frequency response : Flat within 3dB,1Hz to 160Hz.

Gain : 1004B in to high level tape o/p at full gain.
Input signal : 100 uV max., at full gain,

Input attenuation : 84GB in 6dB steps.

Output : Tape out: Dual outputs separated by 30dB.

High level T00mV max. into K ohm load
Galvo out: Dual outputs separated by 15dB.
High level o/p 50mV max. into 10 ohm load.

Noise level i  0.15 uV p=p noise to 1 pV r.m.s. signal
referred to input with 1-20Hz bandpass.

Supply voltage :  21-30 VvDC.

Filter sections : 18dB/octave or 36dB/octave.
High cut off : 13, 18, 26, 37, 100 Hz.
Low cut off : 3.5, 7, 14, Hz.

Magnetic tape recorder

This is an EMIDATA series 2500,. frequency modulated instrumentation,
recording and playback system. Six data channels are available plus

one voice channel.

The dynamic range of the recorder is in excess of 504B with flutter
compensation and the input level maximum is 750mV. This is compatible

with the output of the amplifier unit.

One channel is used for flutter compensation. This is achieved
by applying the output from the reference chahnel in anti-phase to the

output of the other channels. The reference channel has zero volts /
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volts applied to the input on record, so that any carrier modulation
on this channel is due to tape speed fluctuations. On replay this

effect is, therefore, removed from the other channels.

The instrument runs off 250v AC which, on the survey, was supplied

from & generator mounted in the ship's hold.

One time channel and four seismic channels were available. The
voice channel was used for annotating the tape and recording the

transmitted correlation pips.

The galvanometer recorder

This is a Bell and Howell 5-124 ultra~violet recording
oscillograph. A strong U.V. source is focussed onto & mirror
on the suspension of a galvanometer. A voltage supplied to the
terminals of the galvanometer results in a deflection of the reflected
U.V. light. The motion of this is recorded on U.V. sensitive paper
driven at a constant speed perpendicular to the motion of the light

beam.

Owing to the high sensitivity of the galvanometers, it was
necessary to attenuate the output from the amplifier unit. This was
achieved with a resistor network, which also provided the required

damping resistance, contained in the galvanometer channel selector unit.

The frequency response of the T-344 galvanometers used is flat

in the range O to 90Hz.

The galvanometer recorder has a current drain of sbout 15 amps
at 12 volts D.C. It was found that the recorder could be run for at
least twelve hours from a 178A-hour lead acid accumulator across a

battery charger delivering 10 amps.

1.3.6 The clock /



1.3.6 The Clock
Two independent time sources were used on board the receiving
ship. Seconds and tenths of a second were obtained by division of s
100KHz signal from a frequency generator and input to a tape recorder
channel. Seconds, tenths and tens of seconds were recorded on the
paper recorder from a Venner digital clock, dependent upon & 1MHz

oven controlled crystal.

It was subsequently found that the tape recorder time channel
was in error by 2 to 3%. It was, however, possible to calibrate
this channel using the correlation pips of the voice channel, which were

tied to the more accurate clock on the shooting ship.

1.k The shooting ship instrumentation

The shot recording instrumentation was designed and built by

Dobinson (1970) for use with a self-recording sono-buoy system (fig. 1-1).

The direct water-wave from the detonation is sensed by a
geophone mounted against the ship's hull, and recorded against a time
channel on a two-track domestic tape recorder. A code of 1KHz timing
pips of 0.1 seconds duration, derived from the clock, is recorded on
the geophone channel prior to, and following, the shot. These pips
are simultaneously transmitted to the receiving ship, where they are
recorded on the voice channel to provide correlation in time between

the two ships.

In the event of a loss of inter—ship transmission, communications
receivers tuned to a pre—determined radio station, are switched into

the geophone and voice channels, to achieve the necessary correlation.

The shooting ship was equipped with a Loran C receiver for /
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for navigation and with & depth recorder which was operated

continuously along a profile.

The replay procedure

The records from both ships were played back using instruments
available in the seismology laboratory of the Geology department,

Durham University. The instrument layout is shown in fig. 1-5.

The records from both ships for a particular shot were played
out simultaneously onto a jet pen recorder. One second pulses
from a crystal clock were also recorded to check variations in

paper speed.

Three Krohn-hite filters were available on replay. It was
necessary to use one of these to sharpen-up the 1KHz correlation
time pips on the receiving ship's records. The remaining two filters

were switched into the seismic channels through a selector switch.

An example of the final record obtained for a single shot is

shown in fig. 1-6.

The replaying of line A, on which correlation was achieved by
using BBC radio 2, was complicated because simultaneous audio monitoring
of the two records was necessary to assist in matching the voice channels

on paper. Although laborious, correlation of the records was successful.

The survey procedure

Both ships proceeded to the start of a line where, in shallow
water (up to 500 metres), the receiving ship anchored a dahn buoy to
give a reference position. The shooting ship recorded the absolute

position of the buoy using the Loran C receiver.

Oon /



Fig. 1-6. Shootiﬁg and receiving ship .records of shot D6 from a

10f1b.-éﬁarge at a renge of 11 km in 0.5 km of water.
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On lines AB and CD the first method of hydrophone suspension
was used (section 1.3.2). This necessitated streaming the two
hydrophones, hydrophone buoy, main cable and rope about 500 metres
from the ship. The operation took about one hour and was effected
with the ship dead slow shead into the wind. All instruments were

turned on and a 23 1b. test shot set off to check out the system.

Meanwhile, on the shooting ship, boxes of charge were brought
up to the after-deck from the magazines and the shot-recording

equipment was tested.

Digital clocks were started simultaneously on both ships to
provide a time reference for a pre-determined shot-firing schedule.
Whilst radio contact between the ships was maintained, the schedule
could be adjusted during the shooting. In the event of a break in

communication, the schedule was adhered to by both ships.

The deployment of personnel during the firing is shown
schematically (fig. 1=T). Charges of geophex, in boxes of 50 lbs.
were transported from the magazines to the after—deck where they were
strapped together to make larger charges on a launching platform.

The shot-firer prepared the fuse and detonator and communicated his
readiness to the bridge. One man on the bridge was responsible fér
the shot-recording instruments and for communicetion between the two
ships, whilst the other took charge of logging data and operating
and annotating the depth recorder and Loran C receiver. One of the
three deck-men determined the drop-bang time (the time between the

charge hitting the water and exploding) using a stop watch.

On /
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On the receiving ship the instruments were housed in a laboratory
situated in the hold. The man on the bridge was responsible for
relaying information between the laboratory and the shooting ship,
although communications from the shooting ship were received in the
laboratory. The man on the bridge was also responsible for logging
the weather conditions, the ship's position relative to the fixed
dshn buoy and information received from the shooting ship regarding

the charge weight and fuse length.

The deck-men were in charge of the cable and rope to the
hydrophones. This involved pulling in cable by hand and releasing
it, prior to the shot, on instructions from the laboratory. With
the second system of hydrophone suspension, it was necessary to bring
the hydrophone inboard between shots and let out the 100 metres of

cable before each one.

In the 1abora,1;ory one man was responsible for operating the
galvanometer recorder, developing the records and logging tape
footage, whilst the other made necessary adjustments to the channel
configuration, attenuators, gain controls and filter settings, and
logged all of these charges on paper and photographed the instruments.
The voice channel of the tape recorder (which was kept running
continuously) was normally switched to the ship's radio receiver,
resulting in the recording of all messages communicated between the
bridges of the ships, as well as the correlation time pips. Before
each shot a microphone announcement was made into the voice channel
from the laboratory.

A/
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A typical shot involved the following operations:

Shooting ship Receiving ship
Preparation of charges. Instrument adjustments.

Ship's engines stopped.
Three minute warning transmitted. Confirmation of readiness.

Hydrophone cable released.
Microphone to tape. " Microphone to tape.

Radio receiver to tape.

'Charge overboard' transmitted;
Loran C position and depth to sea

floor logged.
Time pips recorded and transmitted. Galvanameter recorder on.
Geophone to tape.
Detonation of charge.
Drop-bang time sent to bridge.
Time pips recorded and transmitted. Arrivals and pips recorded.
Success reported with details Position of ship logged.
of next shot. Cable pulled in - details of
next shot confirmed.
Charge transported from magazine.
Engines started for towing.

Instrument settings logged.

Arrivals picked on galvo records.

On the completion of a half line, the shooting ship hove-to,
the receiving ship recovered the dahn buoy and proceeded to the position

of the shooting ship. The reversed half of the line was then completed.

A/



1.7

=18~

A half-line TO to 120 km in length took six to twelve hours
to complete. Up to twenty-five shots of charge weight up to
300 1b. were fired at intervals of ten to thirty minutes, corresponding

to shot spacings of between 2 and 8 km.

Criticism of the instrumentation and survey procedure

Many of the faults of the system described above are directly
dependent upon the limited budget. The advantages of having a greater
number of recording channels available have already been meni_:ioned.
In a similar way, a larger number of fili_:ers a.vailablé for replay
would have greatly rediiced the time spent in obf,a.ini_ng the final
paper records. A strong armoured cable with four conductors,
individually potted in resin, would be a considersble improvemeni_:
on the PVC covered two-~core screened cable and rope system which
was used initia.lly. The advantages of such a cable are its strength
which permits towing, extra conductors permitting a calibra.tion pulse
to be transmitted to the hydrophone pre-amplifier, and the waterproof
internal parts permitting the cable to suffer damage, including a

complete break, without becoming weaterlogged.

There are criticismsnot directly dependen’g upon financial
considerations. The survey was conduci_:ed. with the minimum of
personnel required to operate the equipment on both ships. There
was, therefore, no redundancy to cover illness and a 1imi1_: was imposed
on the length of line which could be shot at one session. In particular,
using the second method of hydrophone handling, it was possible to
operate only one hydrophone with the personnel ava.ila.blé. Winches
to haul in the cable between shots would probably have solved this

problem.

A/
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A major criticism is that no facility was provided for the
transmission of the shot instant to the receiving ship. It was,
therefore, not possible to measure the phase velocity of the arrivals
with any accuracy during the survey. The method used to monitor
the phase velocity depended upon using the water-wave arrival to give
the shot instant, together with an estimate of the range from the

Loran readings. This estimate was not sufficiently accurate.

An unforeseen problem occurred with the fuses. The
specification for these had apparently not taken into account the
decrease in burn-time with pressure, resulting in the fuses being
too short. It was necessary to reduce the sinking rate of the larger
charges to enable the ship to attain a safe distance before detonation.
The result was that full control over the depth of detonation was lost
and it is likely that the larger charges were not being detonated
at the optimum depth (see Chapter 2 for discussion of optimum depth

and its relationship with the bubble-pulse phenomenon).
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CHAPTER 2

THE REDUCTION OF THE DATA AND METHOD OF INTERPRETATION

2.1 The Reduction

2.1.1 Introduction

The aim of a seismic refraction survey is to establish seismic
structure in terms of the distribution of the velocity of seismic
waves with depth below the surface of the Earth. This is achieved

by the interpretation of time-distance data.

To obtaein the time-distence relationships from data collected on
the North Atlantic experiment it was necessary to process the magnetic
tape records, correlate records from both ships, pick off the travel-times
of arrivals and make certain corrections to these. In addition, it
was necessary to determine the horizontal distance between the explosion and

the receiver.

A reduction programme (Appendix B) was written to deal with the data
and the particular problems which were encounted. The programme was
also applicable to data collected using the sono-buoy technique, in
the summer of 1970 (Chapter 6), although it was unnecessarily involved

for this latter case.

2.1.2 Replay and description of the records

A brief outline of the replay procedure has been made previously.
There were six receiving ship. and two shooting ship channels to be
processed. The three available filters were used for the voice
channel of the receiving ship record and for two seismic channels.
Most of the spare cheannels on the sixteen channel jet pen’ recorder
were deployed in recording time more than oncé, to facilitaté accurate

picking of the arrivals, and to record the 'real time' output of a /



-2 1=

a crystal clock, to check variations in paper speed.

A playout speed of 50 mm. per second was selected for the paper
records. This was suitable for the identification of wave-trains
in the signal frequency range (most of the information being in the
bandwidth 3 to 10Hz), and for accurate picking of the records
(0.1 seconds being 0.5 mm.). Records were also obtained at 25 mm.
per second for use in preparing record sections for the identification

of different phases (Chapter 3).

Examples of the final records are shown in figs. 1-6 and 2=1.
The four unfiltered seismic channels are too noisy for the accurate
timing of arrivals for most shots, but are importan; for.the identification
of the onset of the water-wave. The high frequency of this direct
arrival renders the onset indistinct on the filtered channels (bandpass

normally 1 to 20 or 1 to 30 Hz).

The correlstion pips are particularly clear and where the onsets
of seismic arrivals are good the times can be picked to one hundredth
of a second. The evaluation of the travel=time requires four such
pickings. On good records, therefbre, travel-times are unlikely

to be in error by more than 0.02 seconds due to picking inaccuracies.

Determination of the range

Two possible methods of obtaining the raenge of each shot were
available for the lines on which a dshn buoy was launched. Loran C
fixes were obtained for the shots and for the dahn buoy, and the position
of the receiving ship relative to the dahn buoy was monitored, the
distance rarely being greater than three km. The error in calculating
the range of each shot from the dahn buoy using Loran C is likely
to be * 0.4 km. The error in determining the receiving ship position

relative to the dahn buoy is variable and in some cases could be 0.5 km. /



Fig. 2-1. Shooting and 'rec.e-iv:i‘,»ﬁg- ship ‘records of shot Hb from &

20 1b. charge at a range of 8 km in 2.2 km of water.
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0.5 km. The accuracy of the latter position depended very much
on the prevailing weather conditions. 1In some cases, when visibility
was low, estimates were not obtained for periods of hours. An
unknown element is the possibility of a drift of the buoy. Strong
currents were experienced which resulted in the loss of two buoys

on about 20% of excess anchor wire.

The above discussion indicates the unreliasbility of using the
Loran C fixes to compute ranges. The method adopted was to use
the arrival #imes'of the direct water-wave, together'with its veloci@y.
This velocity was determined using data from lines on which the
Loran C and receiving ship positions were consideréd to be reliable.’
Lines E and F on the Iceland-Faeroe Rise and line B on thé continental
shelf were used. Data was selected according to thé criteria thaﬁ the
receiving ship should be no greater than 1 km from the dahn buoy and
that there should be a high degree of confidence in the valué dbtained
for the water-wave travel time.' The'best straight liné, according
to the principle of least squares, was fitped to the'réSUlting data
using a computer programme (Holder, 1969). Thé uncertaintiés quoted
in the following resulﬁs are standard errors dbtainéd'frqm the régréssion

line method.

Water-wave velocity No. of observations
" km/s.
Line E 1.480 + 0.00k 13
Line F 1.482 + 0.006 9
Line B 1.181 + 0.003 16

The /
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The mean value was taken for lines E and F which have the same
geographical location (i.e. water wave velocity of 1.481 + 0.004 km/s).
This value was also used for line CD. Temperature and salinity
measurements over the Iceland-Faeroe Rise (Tait, 1967) give the
velocity of sound in sea water as 1.481 km/s, which is in excellent
agreement with that obtained on line EF. 1In the deep water (line GH)
a dahn buoy was not used and it was, therefore, not possible to
determine the water-wave velocity. The values used were extracted
from 'Matthews tables' for the area (Matthews, 1939) which give a
near-surface value of about 1.49 km/s end a mean value to the bottom
of about 1.48 km/s. These two figures were used in the calculation

of the range and layer thicknesses, respectively.

If the water-wave velocity is constant over the line, then the
errors introduced in the estimation of the range are systematic and
increase linearly with distance. An error of + 0.005 km/s in the
water-wave velocity causes an error of 0.4 km on a range of 120 km
and of 0.17 km on a range of 50 km. A phase velocity of say 6.80 km/s
observed over this range would, therefore, be in error by * 0.02 km/s

due to the error in the water-wave velocity.

By comparison, a picking error of + 0.05 seconds in the travel
time of the water-wave creates an error of + 0.0T km, which would

probably be random.

Two computer programmes were used in converting the Loran C fixes
to ranges. The conversion from Loran C units (micro-seconds) to
geographical co-ordinates was effected by a programme obtained from

the Decca Navigator Company. A programme (DZD) was written, /
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written, incorporating some of the Decca Company subroutines, to
compute the distance and azimuth between eny pair of geographical

co~ordinates. This is described in Appendix B.

Corrections applied to the records

It has been noted previously that time from the clock recorded
on magnetic tape at the receiving ship differs from that at the

shooting ship by approximately 3%. Dobinson has demonstrated a high

degree of accuracy and stability of the shooting ship clock (Dobinson, 1970).

In addition, the same 3% discrepancy is found between the ﬁagnetic
tape records and the UV records of the receiving ship. A crystal
controlled Venner clock was recorded on the UV records. The
correlation pips recorded on the receiving ship were derived from

the shooting ship clock and have been used to calibrate the inaccurate
time channel (E time). In most cases a time interval of about twenty
seconds was used for the calibration over the duration of the seismic
arrivels. The error in the calibration factor due to picking the
time channel relative to the correlation chennel is about * 0.001
seconds. The pip used as a reference point was chosen so that the
pip to headwave arrival time was rarely greater than 10 seconds, and that
for the most distant shots the time to the water wave was rarely
greater than 70 seconds. The maximum errors introducéd.by the
calibration procedure are, thus, 0.01 and 0.0T7 seconds for the

refracted and water-wave arrivals, respectively.

An important correction must be made to the pickings becausé of the
significant time which it takes for the wai_:er'-wa.ve 1_:0 reach the shot
instant sensor on board the shooting ship. This time is reférred
to as the 'drop-bang' time. The correction to be added to the picked

travel times is given by the formula: /
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formula:
DBC = DBT x SV/(WV x 3600)

where DBC is the drop-bang correction in seconds, DBT the drop-bang
time in seconds, SV the ship's speed in km/hr, and WV the water-wave
veloeity in km/s. A typical example is for DBT = 60, SV = 15 and
WV = 1.5, giving DBC = 0.17 seconds.

The assessment of the ship's velocity was made assuming constant
velocity for periods over which this was estimated to be constant
at the time of the survey. Normally only one change of speed
was made during the shooting of a line. Ranges between shots were
obtained using the Loran C fixes. Together with the recorded ship's
time, these permitted several estimates of the ship's velocity to be
made. A mean value was taken, the uncertainty of which was usually
between 0.5 and 1 km/hr. The maximum equivalent error introduced
into DBC from this is for DBT = 90 seconds, which gives less than

* 0.02 seconds on DBC. DBT was measured to sn accuracy of + 1 second

The error introduced into DBC by neglecting to allow for the depth

of the charge is less than 0.01 seconds.
The correction, DBC, is thus accurate to within * 0.02 seconds.

The reduction programme

A number of operations are required'to convert thé raw picking
data into time-distance co-ordinates.  Further calculapions are
necessary to obtain the new zero times required before the records
can be stacked on a reduced travel-time scale. With the particular
records fram this survey, a further complication was added because

of the necessity of calibrating the time scale and presenting results /
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results in both seconds and E time.
A reduction programme (RED) was written to deal with the

camputations referred to overleaf (Appendix B).

The water-wave arrivals at the shooting and receiving ships
and the first refracted arrivel are picked in seconds and hundredths
of seconds with respect to the correlation pips. The programme
mekes necessary combinations and corrections to obtain travel-times.

A list of the data required follows:

(a) Seconds and hundredths of seconds with respect to pip.
(v) Calibration factor.

(c) Ship's velocity.

(a) Drop-bang time.

(e) Water-wave velocities

(£) Reducing velocities.

(g) Scale factors.

(b), (c) and (d) are necessary to apply the corrections
described previously. Two water-wave velocities are accepted by the
programme, the second being used to examine thé efféct of possible
errors in the first. TFor stacking the records and accentuating the
differences between arrival phases, a reduced travel-time scale is
commonly used. The reducing velocities (two values) are used in
the computation of the new time axis origin in both E time and real
time. To facilitate stacking the records, four scale factors aré
entered to scale the ranges for each of the'two water-wave velocities

used in the range calculation.

After /



-2 7—

After an initial picking of the records, the data was processed
using the reduction programme and, with the resulting information,
the '25 mm/second' records were stacked on a reduced time scale

against the range of the shots. A good test of the accuracy of the

_stacking was that the water-wave arrival (prominent on most records)

should lie on the appropriate straight line. At this stage the
errors in pickings were located and corrected. The stacked records
were subsequently traced giving the record sections which are

reproduced in Chapter 3.

With reference to the arrival phases observed on the stacked
records, it was found that many relatively noisy records yielded
reasonably well-determined arrivals on re—examination. The picking
of arrivals was checked and ammended where necessary, and the reduction

progremme run & second time to give the final time—-distance data.

The bubble-pulse phencomenon and the problem of multiples

The bubble-pulse phenomenon is cobserved on most of the shooting
ship records, and is clear on the short range receiving ship records
of line GH, which were dbtained in relativély deep water (fig. 2=1).
Consideration of the bubble-pulse is important in obtaining the
optimum energy yield in the seismic refraction frequency range
(2 Hz to 20 Hz), and in picking thé seismic records if it is hopéd'

to obtain usefiil information from second arrivals.

Detailed studies of undérWatér explosions by Arons and_Yénhiéf(J9h8)
have ylelded data concerning the mechanism and propertiesiof thé '
bubble-pulse. Briéfly, the'gas globe créated’by'thé'detbnaﬁion
expands, radiating part of its énérgy in thé'form of a shock wavé
and part as reversible potential energy in the'Surrounding watér,

together with other losses. The bubble attains a maximum radius /
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radius at which the internal pressure is less than that of the
surrounding hydrostatic level. ©Energy is returned to the bubble

in its subsequent collapse. Ultimately the pressure gradient is
reversed and the bubble expands again. During the collapse and the
following expansion energy is radiated 'acoustically' creating

the first bubble-pulse. A succession of pulses ensues as the bubble

oscillates.

To obtain optimum usage of a charge iﬁ should be detonated
at a suitable depth, which is dependent upon its size. Raitt (1952)
has shown that the low frequency part of the Fourier energy spec#rum
of an explosion peaks at a frequency approximately equal to the
reciprocal of the ini_:erval between the initial pressure pulse and the
first bubble-pulse. This is termed the bubble-pulse frequency and

is given by the formula:

1
£=(p+33)°/ 0w /3

where D is the depth of the explosion in feet, W is the weight of
explosive in pounds, K is an explosive constant which for TNT is

4.36. The frequency, f, is in Hertz.

In combination with the requirement of quarter-wavelength depth
to obtain the surface reflection of the first pulse in phase with
the bubble-pulse, the optimum depth can be obtained as a function
of charge weight:

p(o + 33)°/6 = k'3
where V is the velocity of sowmd in sea water.

A/
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A graph of optimum depth against charge weight has been obtained

for TNT by Raitt, and is reproduced here (fig. 2-2).

Marine refraction records are characterised by the presence
of multiples of the refraéted arrivals. These are arrivals which
have the same phase velocity as the first arrivael. The multiples
are derived in two principal ways. At any interface there is both
refraction and reflection of an incident acoustict wave. The first
arrival on a seismic record is usually interpreted in terms of a wave
which has been critically refracted at a velocity discontinuity within
the crust ( a headwave). A wave reflected upwards at any interface
may subsequently be reflected downwards again to be critically refracted
at the particular interface referred to above, and thereby asppear later

than the first arrival but with the same phase velocity.

The relatively high attenuation of headwaves can result in a
multiple which has travelled part of its path as a bodywave, having
a camparably high amplitude. In some instances multiple refracted
arrivals have been observed with higher amplitudes than the first
arrival (Hales and Nation, 1966). The author has observed multiples
in the present study which correspond to reflections between the sea
surface and the sea bottom. These can be seen clearly on record
section fig. 3-9. In particular, record G15 shows only a small

reduction in amplitude between successive multiple arrivals.

The second source of multiples'is the'bubble-pulsé, using the
term 'multiple' according to thé definiﬁion previously givén; that
is, an arrival with the same phase velocity as the first refracted
arrival. The bubble-pulse frequency depends upon the energy of the gas
globe (initially dependent on the chemical potential energy of the

charge) which decreases with each successive oscillation of the bubble. Thus/
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Thus, pulses are generated which depend on the conditions of a
particular shot (size and depth of detonation), and which decrease
with the order of the pulse. In the present work, high amplitude
pulses persisted for about 0.5 seconds with small charges (25 1b.)
and for up to one second with large charges (300 1b.). Figures 1-6
and 2~1 show bubble-pulses on the shooting ship and receiving ship
records. Within the first second of the seismic récord, arrivals
have been observed which correspond with the bubble pulses seen on

the shooting ship record.

In shallow water, as on the Iceland-Faeroe Rise (depth 500m.),
the first multiple due to reflection at the sea bed and surface,

arrives withinh one second of the first headwave arrival. This second

arrival also contains multiples due to the bubble-pulse. When
shooting in shallow water, therefbre,'cne can have the situation in
which at least the first two seconds of the récord are heawilf
contaminated with multiples; The records obtained on the
Iceland=Faeroe Rise display this complexity. With such réCOrds
the continuation of first arrivel phasés'onto neighbouring records,
‘as second arrivals, cannot be confidently attempted in most casés;
This is particularly so when the velbcity contrast betwéeh'the'two
phases is small,

2.2 The interpretation method

Unless a large amount of data has been collected in a region, one
! cannot improve on the classical method of interpretating the time=distance
data in terms of plane, horizontal or dipping layers of constant

velocity.

Having /
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Having assumed that the data is capable of interpretation in terms
of the simple model suggested overleaf, the procedure is straightforward.
The time-distance data is separated into segments to which best straight
lines are fitted according to the principle of least squares. If a
horizontally-layered model is proposed, then a straight line segment joins
headwave arrivals from a particular horizontal interface; the inverse slope
of the line giving the velocity in the lower medium. The depth to the
boundary is calculated from the time intercept of the segment and a knowledge
of the velocity=depth structure in the overlying layers. The depth to the

n th refractor is given by:

n
depth = I Zi
i=1
i=-1. . A~
z Z. 4% '_"2'. V. } -
wherezi=1/2(Ti+-1-(2/vi+1) j=1 3 +2 Vj/Vj)Vi+1l/ V‘;_+1 Vﬁ

Zi is the thickness of the ith layer, Ti and Vi are the time intercept and inverse
slope of the segment of the time-distance graph associated with the (i + 1)th
layer. The summation term is taken as zero for i = 1.

A velocity obtained from a line shot in one direction only is not reliable
as & small inclination of the boundary may result in a significant deviation of
the observed from the true velocity. TFor this reason experiments are often
planned so that a line is shot in both forward and reverse directions. It is
not always possible to arrange that the seismic waves traverse the same section
of all boundaries, which results in incomplete reversals. The apparent

velocities and time intercepts obtained from reversed profiles yield /



yield depths, dips and true velocities of the layers, assuming

that the boundaries are plane and oriented normally to the profile.
If the true dips are small, little error is introduced without
common orientation of the layers (Mota, 1954). The formulae
cannot be expressed simply for the dipping layer model. The
equations given by Mota have been programmed to facilitate the
computation of a model given the time-distance data from a reversed

profile (Appendix B).

The assumption that the velocity—depth function is discontinuous
and that the velocity increases with depth is often invalid and introduces
an wmecertainty into the results which it is difficult to assess. There
are two basic categories of uncertainty in the measurement of seismic
velocities. The firs# is experimental errors, such as failure to
measure the travel*times of arrivals correctly and to establish the
range of the shot accurately. The second category is uncertainty
due to the deviation of the assumed simple type of earth model from
the real earth. This includes lateral velocity variations,
irregularities in boundaries and hidden changes of velocity with depth.
Non~-systematic errors in the first category will appear in the estimate
of uncertainty obtained from the regression analysis, which will also

cover small deviations of a boundary from the assumed plane.

It is important to recognise that there are errors not included
in a quoted statistical uncertainty which are difficult or impossible
to assess. Insufficient data and subjective judgements in picking
records and assigning the arrivals to different segments of a travel-time
graph, create difficulties if an attempt is made to analyse results

in a statistically rigorous way.

A/



A number of authors have examined more fully the difficulties
surrounding the classical method of interpretation of seismic
refraction data. The reader is referred to Steinhart and Meyer

(1961), James and Steinhart (1966), and Borcherdt and Healy (1968).

Having established a velocity-depth structure, some attempt
should be made to relate the seismic boundaries to the geological
structure. Because broad ranges of rock types exhibit similar
elastic properties, a unique correlation cannot be made; although
in many instances, where other geophysical and geological data is
available, an interpretation in terms of & geological section can

be obtained.

In the refraction study of the Iceland-Faeroe: Rise and
the continental shelf areas an attempt was made to reverse all of
the lines. Although the phases were not all properly reversed
this was achieved for deeper boundaries. When working at sea
the accuracy of navigation and the weather conditions are important
factors in determining whether a good reversal of & line is obtained.
Even where this is not achieved, two lines in a relatively small area
are of considerably more value than a single line for arriving at a

reliable estimate of the structure.

The procedure adopted for the interpretation of the data was to
fit best-straight—line segments to the time-distance plots with reference
to the stacked record sections. These were then interpreted in terms
of the simplest seismic models which would satisfy the observed data.
Offsets were observed on the records which complicatea the interpretation
but which yielded information about the structure of the upper layers.

The interpretation programmes /
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The interpretation programmes

A number of computer programmes were used to facilitate the
interpretation. A brief outline of these is given here, further

details being included in Appendix B.

As mentioned previously, the formulae derived by Mota (195h4)
have been programmed so that the pasrameters of any number of
reversed travel-time segments can be directly interpreted in terms
of plane dipping boundaries (programme 'DIP'). A programme ('TIT')
was written to enable the velocities and time intercepts of segments
to be interpreted in terms of a series of horizontal layers. A
modification to this programme was made (involving the numerical
differentiation of the general term for the thickness of a layer)
to enable the statistical uncertainties (standard errors) obtained
from fitting the regression lines, to be converted to standard errors

on the depths to the seismic boundaries. The progremme is designated

In addition to these direct programmes, an indirect one ('MOD')
was written to give the arrival times, critical distances and delay
times for a horizontally-layered model. This was found uséful in
examining the possibility of phases, corresponding to discrete

bowndaries, being 'hidden' as second arrivals.

These programmes, requiring a small amount of input data, are
found to be particularly useful with the IBM on-line 'Michigan-Terminal-

System' operating at Durham.

Programmes written by A.G.McKay (Durham) were used to plot ships'
tracks on a Mercator projection for both interpretation and presentation

purposes.
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CHAPTER 3

INTERPRETATION OF THE SEISMIC REFRACTION PROFILES IN THE ICELAND-FAEROE REGION

3.1

3.2

Introduction

The interpretaﬁions of the three reversed lines between the
Faeroe Islands and Iceland are considered separately. The velocity—-depth
relationships are est&blished in terms of homogeneous layers separated
by plane interfaces, with offsets in the time-~distance data being

explained in terms of topographic variations in a near—surface boundary.

The two profiles along the crest of the Iceland-Faeroe Rise are
combined to give a composite picture of the structure over a distance

of sbout 240 km.
Line CD

Introduction

Lines C and D are two halves of a reversed refraction line,
80 to 90 km in length. The line is in a region of relatively 'quiet'

gravity field along the crest of the Iceland-Faeroe Rise (fig. 3~1).

The stacked records (figs. 3-2 and 3-3) and the travel=-time
graph (fig. 3-l) show the segments obtained, the parameters of which

are tabulated (table 3.2.1).

The records

The records have been'stacked.wiph reférénée to rangé and to the
travel—time, T-range/T.0 seconds. The réla;ive amplitudes of
arrivals between one record and the next are dépendent upon the enérgy
output of the shot and the’instrument résponsé, in addition to the
effects of the signal path. The energy at the source and the instrument
response varied from shot to shot s0 that no account can be taken of

relative amplitudes between records. /



Fig. 3-1.

. The ff’eé-.-a.ir gravity map of the Iceland-Faeroe Rise
(after Staqey_;;g.1.9:6'8)' and the 10ca1;_i,"c_§ns of seismic
_ refra.ctlonbroflles C,D, E,.F, G and H, . The

.. .contours are’in mgal. '
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records.

The records of line C (fig. 3-2) show a strong first arrival
in the range 34 to 70 km (records C13 to C21) to which a good
straight 1line can be fitted. The strong first arrivals on C11
and C12 do not fit this line and are later than C13 with respect
to the reduced travel times. Records C15 end C16 show a multiple

of the first arrival sbout 1.9 seconds later.

The signal to noise ratio on the first ten records (charges
up to 25 1bs.) is low, and the first arrivals from the upper
structures are lost in the noise. There is, however, a strong
second arrival phase on records CT, C8 and C10.. A possible multiple
of this phase is evident on records CT and C8 about six tenths of a

second later.

The signal to noise ratio on the records of line D (fig. 3-3) from
low charge weights, (D1 to D7) is much better then on line C. A
strong first arrival phase is observed on records D5 to D14k. Records
D1 to D4 show a lower velocity phase as a first arrival, although this

is not as clesar.

Records D18 to D22 show a first arrival phase with a similar
velocity to that of D5 to D1k, This phase is, however, about one
second offset. The two phases are linked by records D15, D16 and

D17.

Records D23 and D24 show a higher velocity phase which can be

traced through D22 to a second arrival on D21.

The travel~time graph /
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The travel-time graph.

The time-distance graph (fig. 3-4) shows more clearly the phases
described previously. The following data was obtained for the

strajight line segments of the graph:

TABIE 3.2.1
Layer Segment Velocity S.E. on velocity Time S.E.on Time No. of
km/s km/s Intercept Int. (s) observations

water  ww 1.L481 0.005

1 D1 3.2h4 0.35 0.69 0.20 3

2 D2 5.66 0.05 1.67 0.03 11

2 D2%* 5.41 0.07 0.10 0.16 5

L DL 7.8k 0.09 L.51 0.12 L

1 C1 4.25 0.15 1.69 0.10 L

2 c2 5.97 0.0k 1.31 0.06 8

The important features of the travel-time graph are the step—-out
between segments D2 and D2¥ and the high velocity segment D4 which
is not observed on the reverse half of the line. Line C is effectively
terminated at 68 km because the quality of the last record, at 76 km,
is poor. At this range on line D the high velocity arrival does not

appear first on the record.

The U4.25 km/s phase, segment C1, is probably a multiple of the

first arrival.

Interpretation of the travel-time graph

A preliminary inspection of the graph indica;es an upper crustal
structure in which there is a dipping interface between layéf 1
(P-wave velocity 3.24k km/s) and layer 2 (about 5.8 xm/s) in the
north-west. About half way along the profile there is a sharp

rise in this boundary to the south-east causing the offset of about /
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Fig. 3-L. a. Travel-time graph of the reversed seismic refraction

profile CD.

are in km/s.

b. Interpreted crustal model.
c. Bathymetry along the profile.

Layer velocities



about one second in the layer 2 segments.

The details of the model proposed overleaf are discussed in the

following paragraphs.

The mean sea depth along the line CD is 275 fathoms (0.50 km).
The sea floor is flat to within a few minutes of arc, except between
shots D15 and D16 where there is a rise to the south-east of one
degree apparent slope (fig. 3-4). Between shots C13 and C15 there
are two small rises to the south—-east of about half a degree incline.
The lines are sbout 4 km apart in the region of these bathymetric

rises.

The effective depth of the first layer (the sea) depends on the
depth of detonation of the charges and the depth of the receiving
hydrophones. The combined effect of these is to reduce the sea
depth by 50 + 30 metres.

Layer 1

The velocity of the upper layer, seen on line D, is not well
determined, but assuming that it crops ouﬁ on the sea floor, the
parameters for this segment of the travel-time graph satisfy the
constraint imposed by the known sea depth, within the quoted
uncertainty. In computations for the lower layers the value of the
intercept for layer 1 is taken to be that required to satisfy the

above constraint (0.54 + 0.05 s).

The /
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The short range records of line C do not show a persistent
first arrival phase above the noise level. Records C6, CT, C8
and C10, however, show a prominent second arrival phase with velocity
4.25 * 0.15 km/s and intercept time 1.69 * 0.10 seconds. A similar
phase, which is inverted, occurs sbout 0.6 second later on these
records, and, less clearly, one is observed about 0.6 seconds earlier.
This latter phase also seems to be a second arrival, the onset of the
first arrival being hidden. The inference is that the phases
described above represent multiples which have suffered a series
of reflections somewhere along the profile. The amplitudes could
increase with successive reflections, if the difference in the
attenuation factor for the headwave in the lower medium, and bodywave

in the upper medium, were sufficiently high.

The calculated time intercept for a first arrival phase from
a 4.25 xm/s layer cropping out on the sea bed is 0.57 seconds. The
additional delay time for an arrival suffering a reflection from the
top of this layer and at the sea~air boundary is 0.63 seconds. The
second multiple would, therefore, have an intercept time of 1.83
seconds, which is close to that observed for the 4,25 xm/s phase.
The inversion of phase of the first and third multiples relativé to
the second multiple, clearly seen on records CT and C8, is consistent
with a 180 degree phase shift resizlf.ing from each reflection at ‘ghe

seg=air surface.

The first arrivals of records C11 and C12 indicate a higher
velocity than 4.25 km/s. These may be from a greater depth if there
is either discrete layering or a continuous velocity increase with -

depth.

Layer 2 /
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Layer 2

To obtain the significance of the segment D2* (5.41 km/s) of the
travel-time graph, it is necessary to consider the path taken by
the headwave at the layer 1 — layer 2 interface after the onset of

the basement rise (diagram below).
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Applying Fermat's principle of least time to the model, the paths
taken by the seismic waves to stations P and Q are approximately as
shown above. The first arrivals at stations such as P and Q will
lie on a curwve (‘ghe sum of two hyperbolae). At distances greater
than some value of x/d, the curve will approximate to a straight line

within the errors of observation.

It can be shown numerically that for x/d > 8 the error in
fitting a straight line to the observed arrivals is such that the

inverse gradient is closer than 0.03 km/s to the true mean velocity

(Vm) of the upthrown material.

Thus, the segment D2¥ represents the mean velocity from the depth
of the bottom of the rise to the sea bed, provided shot D18 is sufficiently

distant. It is found that for D18 the ratio x/d is approximately 8.

The /



The segments D2 and C2 may be interpreted in terms of a wniformly

dipping interface.

It is necessary to test the reciprocity of the travel times for
rays which have travelled the same path from either end of the profile,
as a check that the two phases are from the same layer. These
travel-times are observed where the 5.41 km/s and 5.97 km/s phases
intersect the time axes at a range of 80 km. The values are obtained

by substitution in the straight line equation:

= + .
t = x/V Tl
where t is the travel time for the range x, velocity V and intercept Ti'

For the 5.41 km/s phase the substitution yields 14.89 + 0.23 s.
and for the 5.9T km/s, 14.71 + 0.09 s. The reciprocity of the
travel-times is thus confirmed within the uncertainty limits and the

two phases have, therefore, traversed the same interface.

To define the parameters of a dipping boundary it is necessary
to compute its dip and the depth to it a@ one point, which is
achieved using the two apparent velocities and one intercept. At
the south-east end of the line the observed intercept is effected
by the basement elevation but this does.pot hindér'the interpretation
in terms of a dipping boundary in the north-west. This intercept
can be adjusted by the addition of the difference between the intercepts
of segments D2 and D2% at 80 km range (i.e. at the south-east end of the
line). The effect of this is to continue the dip of the interface
in a south-easterly direction and replace 5.41 km/s material by that
of 3.24 km/s. Clearly the errors in the 5.97 km/s intercept will bé
increased by this procedure. The adjusted interbept is 2.23 + 0.25 seconds.

Using /
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Using the time intercept of the 5.66 km/s phase the following

parameters are obtained for the layer 1 - layer 2 boundary.

True velocity of layer 2

5.81 km/s.

Vertical thickness of layer 1 below north-west end 2.11 km,

Dip of boundary, downwards to the south-east

1.0 degrees.

The values obtained using the adjusted intercept for the 5.9T7 km/s

phase are compatible with the above results.

Layer U
The high velocity segment (segment Di) is observed in one direction
only - line D. Assuming that this typically sub-Moho velocity is

associated with a horizontal interface then its depth can be calculated.

To simplify the calculation, the equivalent horizontally layered
model was computed for the upper layers. The observed time-intercept
of the T7.84 km/s phase was adjusted to comply with the modifications
to the upper structure. The thickness of layer 1 was taken to be that
half way along the profile — 2.82 km - and the delay times adjusted
for the replacement of material at both ends. The resulting delay

time for the 7.8l4 km/s phase is 5.06 + 0.20 seconds.
This model yields a depth to the base of the crust of 15.78 * 2.12 km.

The basement rise

Consideration of the positions of shots relative to each other and the
bathymetric, magnetic and gravity maps together with the structure
previously outlined, permits the limits of the rise in the layer 1 =~

layer 2 interface to be estimated.

It /
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It can be seen from the stacked records (fig. 3=3) that the first
arrivals from shots D15, D16 and D17 are progressively earlier in
reduced travel-time relative to previous shots, and that they link the
5.66 km/s phase with that of 5.41 km/s. This indicates that the
region of rising basement is confined to the range between shots D1k
and D18. The line C records indicate penetration to this interface

north-west of the basement rise for shot C13 and all subsequent shots.

On the aeromagnetic map (fig. 3~5), in the region of lines C and D,
a magnetic 'high' is observed trending south-west to north-east
(anomaly R) which cuts line D in the region D17 to D18. This 'high'
terminates less than 10 km south-west of line D. Line C is &bout
4 xm south of D at this point and is thus nearer the termination of
the magnetic 'high'. 1Ingles (personal communication) has studied
similar anomalies in the region and interprets them in terms of the
topography of the basement layer. To the north of, and adjacént to,
anomaly R is a wedge—shaped magnetic 'low (anomaly P) which converges
at the south-western end of anomaly R. There is corrélaﬁion between
the anomaly R and the free air gravity map (fig. 3=5). A ridge of high
free~air gravity projects from the 60 mgal 'high' along the magnetic
'high', R. A profile across this ridge (YY') about 13 km north-west
of, and parallel to, line CD shows it more clearly together with other
small short wavelength anomalies (10 to 15 mgal with wavelengths of
about 50 km). These anomalies have been interpreted by Bott (personal

communication) in terms of near-surface structures.

The /



Fig. 3-5.

Total ‘magnetic field map (after Avery et al., 1968)

showing the relationship with the seismic refraction
profiles and with the free~air gravity field in the

region of line CD.
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The bathymetric profiles along lines C and D (fig. 3-4) show
topographic rises in the region of shots D15 and D16, and C13 to C15.
As previously described, the gradient of the rise is more marked
on line D than on line C. The north—east to south-west trend of this
topography is shown by the bathymetric contours (fig. 3-1) taken from

data collected by the Deutsches Hydrographisches Institut, Hamburg.

The above qualitative discussion of other data leads to the
suggestion that the edge of the proposed basement rise trends
approximately south-west to north-east, extending up to 50 km to the

north—-east of shot D17 and terminating a few kilometres to the south-west.

Some southwards swing in the trend of the edge is necessary between
lines C and D to account for the arrival of shot C13 from the region

of deeper basement.

The reflection of the basement step in a bathymetric rise suggests

that the basement comes close to the surface.

The vertical extent of the basement rise may be computed in two
ways. The first is to use the observed offset between the segments
D2 and D2*¥ and the second to use the calculated dip and depth of the
layer 1 = layer 2 boundary in the north-west. The former method
depends on the time intercept of the 5.U41 km/s phase, which has a
high uncertainty, and on the parameters of the dipping interface.

It is, therefore, less certain than the second method.

The horizontal extent of the region of rising basement, estimated

from the seismic records, together with the vertical extent, give a

mean gradient of eleven degrees for the rise.

Another /



Another approach is to consider the phase velocity of arrivals
on records D14 to D17 and compute the inclination required to give
this apparent velocity. Using several estimates of the phase
velocity, values between seven and twenty-three degrees are obtained
for the dip of the edge. This result is in agreement with the value

obtained previously.

It is likely that the model outlined above is too simple. In
particular, the lateral transition from low velocity material (3.24 km/s)

into high velocity material (5.41 km/s) is probably not sharp.

Alternative models

The offset on the travel-time graph has been explained in terms
of a rise in the basement. Another possibility is that a sudden
lateral chenge occurs in the velocity of layer 2. To obtain the
same step-out and apparent velocity it would be necessary to have
a model in which the velocity of layer 2 increased to about 8 km/s
with the top surface dipping downwards towards the south-east at an

angle of about twelve degrees.

A layer with P-wave velocity of 6.8 km/s is found on line EF.
This has not been observed on line CD and the possibility of a
misinterpretation of the 7.84 km/s unreversed phase should be considered.
If this represents the apparent up-dip velocity of a 6.8 km/s layer,
the upper boundary of the layer is at 5 km depth below the south-easterly
end of the line and dips at an angle in excess of ten degrees, downwards
to the north-west. If extrapolated to the other end of the line,

the depth would become 20 km.

A/
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A further possibility is that the 6.8 km/s layer appears on the
records as a second arrival only, and has not been observed among
the high level of signal generated noise. Using the parameters of
the equivalent horizontally layered model, the maximum thickness
of such a layer has been computed (preserving the observed time
intercepts of other phases). It is found that 5.5 km of the layer
can exist, the presence of which increases the depth to the Moho by

sbout 2 km.

Models with and without the 6.8 km/s layer are compared in table

3.2.2, below
TABLE 3.2.2
Layer Velocity Thickness Depth to : Velocity Thickness Depth to
km/s km bottom km : km/s’ km bottom km

water 1.L48 0.50 0.50 : 1.48 0.50 0.50

1 3.24 2.82 3.32 : 3.24 2.82 3.32

2 5.81 12.46 15.78 :  5.81 9.00 12.32

3 : 6,80 5.50 S 17.82

L 7.8k : T.84

The last of the models described above is considered to be a likely

alternative.

Uncertainties on depths have been computed for the horizontally
layered model used in the computation of the depth to the base of the

crust. These are shown in table 3.2.3.

TABLE 3.2.3 /
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TABLE 3.2.3
Leyer Intercept S.E. on Velocity S.E. on Depth to S.E. on depth
8 intercept km/s velocity bottom km km.
water 1.48 0.005 0.50 0.03
1 0.54 0.05 3.24 0.35 3.32 0.63
2 2.03 0.20 5.81 0.03 15.78 2.12
L 5.06 0.20 T7.84 0.09

Note that the standard errors on the velocity and time intercept of
the 5.81 km/s phase are estimated from those on the observed apparent

velocities and time intercepts.

SUMMARY
The results of the interpretation of line CD are summarised below:

(a) The strong offset in the intermediate velocity phase (D2,D2%)
may be interpreted as a marked reduction in the depth to layer 2
at the south-east end of the profile.

(b) The travel-time data for the north-westerly half of the profile
is satisfied by a south~easterly dipping interface between
layers 1 and 2, the angle of dip being dboﬁt one degree.

(¢c) An unreversed sub—-crustal velocity (7.84 km/s) is observed
which, for an assumed horizontal M discontinuity, gives a
crustal thickness of about 16 km.

(d) The 1ikely presence of a 6.8 km/s 'hidden' layer of thickness
up to 5.5 km increases the estimate of the crustal thickness

from 16 km to ebout 18 km.

Line EF

Introduction

This line is approximately 120 km in length and is in a similar
direction to line CD along the crest of the Iceland-Faeroe Rise. The
most south-easterly shot on the line is sbout 20 km from the north—western

end of line CD. /
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The phases obtained from the stacked records (figs. 3-6 and 3-T)

and the travel=-time graph (fig. 3-8) are shown in Table 3.3.1.

The Records

The short range records of line E show a low velocity phase
although the uppermost layer is probably not seen as a first arrival
owing to the absence of records in the first 6 km. The remainder
of the records display two well defined phases in the ranges 10 to 30 km
and 50 to 120 km. Between these two ranges there is a likelihood

of an intermediate phase.

The first record of line F is at a range of about 2 km and
subsequent records are obtained at 2 km intervals to a distance of about
20 km. This relatively dense shooting with charge sizes of twenty-five
1bs. or greater (after the first one), give a good set of records. The
most prominent feature is the offset between records 6 and 9. On the
remainder of the records two phases are distinet - in the ranges
20 to 45 km and 45 to 120 km. Records 22 and 24 are noisy and the first
onsets cannot be picked with confidence. Shot 22 was reported to have
'"blown out'. Neither of these was used in the velocity determination

of the phase.

Second arrivals persisting across several records are not observed

on either half of the line EF.

The travel=time greph

The construction of the travel-time graph for liné E and the'fitting
of straight line segments is relatively straightforward. For line F
there is the problem of the offset in the first arrivals which occurs
over a distance of about 6 km centred around a range of 13 km. The first
three points on line F can be confidently assigned to the'lowést velocity

phase. Consideration of the range of the well defined low velocity /
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velocity phase on line E suggests that the next two or three points
are not part of the offset in the curve and, therefore, that these

represent a second higher velocity phase.

Neglecting for the present the records F6 to F9, the following

straight line segments of the travel-time graph are obtained:

TABLE 3.3.1
Layer Segment Velocity S.E. on Time S5.E. on time No. of
km/s Velocity Intercept(s) Intercept Observations
water wW 1.481 0.005
la Fla 3.68 0.03 0.47 0.01 3
1b Flb L.56 0.17 0.82 0.07 3
F2 5.73 0.07 0.98 0.07 5
3 F3 6.79 0.0k 2.15 0.06 9
1b Elb b bt 0.07 0.66 0.03 3
E2 5.75 0.05 1.20 0.03 6
E2%* 6.47 0.03 1.82 0.03 L
E3 6.81 0.03 2.21 . 0.06 1

Interpretation of the travel-time graph

The mean sea depth along the line is 0.4 km. The bathymetric record
(fig. 3-8) shows a relatively steep gradient (about three degress) at a
range of T5 km from the start of line F, the change in depth being about
120 metres. A similar gradient is seen at about 13 km range. Topography
of this magnitude has little effect on the delay times of arrivals from
deeper layers. The sea bottom, is, therefore, considered plané and

horizontal.

Layer 1 /
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Layer 1

The phases Fla and Flb may represent a continuous increase
in velocity with depth within a single layer, or may represent two
distinct layers. For the purpose of this analysis it is assumed
that there are two discrete upper layers. The phase Elb has a similar
velocity to Flb. A lower velocity phase probably exists on line E
but has not been detected owing to the absence of records in the first
6 km. The velocity (3.68 km/s) and intercept time (0.47 seconds)for
Fla gives a depth of water of 0.38 km which is within the error limits
of the known depth. It is assumed that a layer with the same velocity
is present at the other end of the profile overlying the layer Elb.
The boundary between the two components of layer 1 is assumed to be

horizontal.

Layer 2

The segments F2 and E2 are well defined and give similar velocities,
5.73 and 5.75 km/s, respectively. As these phases are not properly
reversed and as there is not continuity of structure across the profile
(indicated by the step in the line F travel-time graph) a mean vélocity
of 5.74 xm/s has been taken for layer 2. Because the layer is not
defined at a range less than that of the offset in the travel times,
it is not possible to measure the value of the offset accurately. It
seems likely, however, tha# it is associa@ed with a structural feature
in the top of layer 2. Assuming that record F6 is an arrival from
layer 2, the offset is estimated to be 0.25 seconds. This represents
a reduction in the delay time of the phase F2 which becomes 1.23 seconds
on correction. The value is in.agreement with phé délay time of

the phase E2 (1.20 seconds). Thus there is evidence to suggest a ridge /
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ridge structure in the upper surface of layer 2, rising at a range

of about 13 km and dropping at T5 km from the beginning of line F.

To produce a travel-time reduction of sbout 0.25 seconds for
arrivals from layer 2 it is necessary for the vertical extent of the
ridge to be 1.5 to 2 km. Assuming that the upper layers are
horizontal at both ends of the line, the depth to the top of layer 2
at these ends is about 2.2 km below the sea bed. It seems, therefore,
that layer 2 comes to within 0.5 km of the sea floor in the middle

of the profile.

Having established the upper structure in broad terms, the
gradients of the edges of the uplifted region may be estimated from
the apparent velocities of arrivals which have traversed the rising

interface.

The phase velocity between shots F7 and F8 is 8.9 km/s. Assuming
that this is the apparent velocity up a plane dipping interface, the
gradient is about twenty degrees. Considering the phases E2 and E2¥,
one observes that E2¥ is a first arrival in the range 30 to 40 km from
E and that the velocity of 6.47 km/s may be interpreted as the apparent
velocity up the rising top surface of layer 2. The gradient required
is sbout seven degrees. Because the layer 2 upper boundary is at the
same depth under both ends of the line and no similar phase to E2¥ is
observed on line F, it is thought that the above interpretation is more

likely than that the phase is associated with a deeper boundary.

The steepest bathymetric gradients on the profile probably reflect
the topography on sub-surface boundaries (fig. 3-8). The bathymetric
rise observed on this profile can be related to a bathymetric 'high'

outlined by the 200 fathom contour on the Admiralty Chart. The /
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The trend of this bathymetric ridge is approximately perpendicular

to the direction of line EF.

The aeromagnetic map (fig. 3-5) shows lineations perpendicular
to the direction of the line over its north-west half, with a steep
magnetic gradient corresponding to the position of the offset in the
travel-time graph, 13 km from the north-west end. The south—-east part
of the line is oblique to north-south trending magnetic anomalies.
The south-easterly edge of the elevated layer 2, centred about 40 km
from the south-east end of the line, corresponds with the complex
magnetic pattern associated with the change in strike of the anomalies

from north—east/southwest to north/south.

Layer 3

The velocities obtained for phases F3 and E3 (6.79 and 6.81 km/s),
whilst indicating a slight dip to the south-east, are not significantly
different so a velocity of 6.80 km/s is taken and the layer 2 = layer 3

boundary is assumed horizontal.

Arrivals from layer 3 which traverse the basement ridges may be
up to 0.1 seconds earlier than those which do not. No correction

has been applied for this.

Table 3.3.2 gives the proposed crustal structure in terms of
horizontal layers, beneath the first 20 km of line prior to the onset
of the rise in the basement.

Layer b
Arrivals from & layer with velocity greater than 6.8 km/s are not

observed. There are two possible reasons for this:

(a) /
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(a) The amplitude of arrivals fram a deeper layer are low and have
been lost in the noise.
(b) The length of line (120 km) was not sufficient for the reception

of first arrivals from such a layer.

Arrivals from layer 4 have been observed in Icelend (Palmason, 1970),
vhich in many cases were equaliy as strong as arrivals from layer 3 and

frequently displayed less attenuation with distance.

If there are similarities between the crust in Iceland and that
of the Iceland-Faeroe Rise then it is likely that line EF was not
sufficiently long to observe arrivals from layer 4., A minimum depth
to layer 4 may, therefore, be computed assuming that first arrivals
from the most distant shots, F25 and E2L4, are from layer 4. It is
necessary to assume a velocity for layer 4. Work in Iceland by
Palmason, 1970, and Bath, 1960, has yielded velocities of 7.2 and T.4 km/s.
Line CD of this pfesent work yielded a velocity of 7.8 km/s. There
is, thus, evidence of a lateral increase in velocity with distance from
Iceland. The minimum depths to layer 4 are listed below for a range

of assumed velocities between T.2 and T.8 km/s (table 3.3.3).

TABLE 3.3.2
Layer Intercept S.E. on Velocity S.E. on Depth to S.E. on
‘s " intercept km/s velocity bottom (km) depth
water 1.48 0.005. " 0.k0 - 0.05
la 0.47 0.01 3.68 0.03 0.97 0.24
1b 0.66 0.03 b 47 0.07 2.60 0.52
1.19 0.03 5.Th 0.06 7.25 1.28
3 2.18 0.06. 6.80 0.0k

TABLE 3.3.3 /
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TABLE 3.3.3
Intercept Assumed velocity Thickness of Depth to top
s of layer 4 (km/s) layer 3 (km) of layer L
3.16 7.20 8.7 16.1
3.61 7.L0 10.6 18.1
L.oL 7.60 12.3 19.7
L. LY 7.80 13.7 21.1

SUMMARY

The results from the interpretation of the travel-time data for line

EF are summarised:

(a)

(v)

(c)

3.h

An elevation of about 1.5 km in the upper boundary of layer 2

(5.74 km/s) is required to explain the offset in the travel-time
graph at a range of sbout 13 km (measured from the beginning of

line F).

At a depth of sbout 7 km below sea level a well defined 6.8 km/s layer
is observed (layer 3), the upper boiumdary of which does not deviate
significantly from the horizontal.

Arrivals from 'layer 4' are not observed but computaﬁiOns of minimum
crustal thickness for several assumed upper maentle velocities yield
values of 16 to 21 km.

Line GH

Introduction

Line GH was shot in a noith-west/south-east direction, approximately
300 km to the south-west of the crest of the Iceland-Faerce ' Rise, in

comparatively deep water (2.2 km). The profile is about 65 km in length.

Three /
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Three phases are identified (table 3.4.1) which are interpreted

in terms of horizontal boundaries between homogeneous leayers.

The Records

The record sections are shown in figs. 39 and 3-10. Because
_of the deep water the bubble-pulse phenomenon, which is observed on most
of the shooting ship records, is also clear on those of the receiving

ship (fig. 2-1).

The short range records of line H show the low velocity phase
(H1, 3.22 km/s) as a first arrival on records HUW and H5, and as a low
frequency second arrival between the éirst bubble-pulse and the first
bottom reflection (WWR) on records H2 and H3. A similar phase is not
observed on line G. It is thought that the shot ranges were unsuitable.
It is likely that the prominent arrival ahead of the first bottom
reflection on G3 and the first arrival of G5 define the low velocity
phase (about 3.0 km/s). On record G4 this arrival would coincide

with the water-wave and not be observed.

Two further phases are observed es first arrivals together with
second arrival multiple phases. The multiples occur at times'which
indica&e that the wave has been reflected at the Séa floor and surface
at some stage of its path. The second multiple has suffered two such
reflections. The best record for observing these is G15 which is
presumsbly at a range such that other errivals do noﬁ camplicaté the
record severely. On record G15 two multiples of thé high velocity
phase, G4, can easily be identified (GhUM1, GUM2) and a third one is
less clear (GUM3). The identification of the first and second multiples

of phase G3 (G3M1,. G3M2) on the same record is questionable as the time /
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time interval between phases G4 and G3 at this range is approximately
the same as for the bubble-pulse arrival of the Gl phase. There
appears to be, however, a real divergence of the two phases in both

the first arrival wave train and the first multiple, across the records
G15, G16 and G17. Although these second arrivals of phase G3 were not
used in the calculation of the velocity, the above observations increase

the confidence in that velocity determination.

Another multiple phase of G4 has been recognised. This is shown
by a dashed line labelled 'GiM'. It is about 1.3 seconds later than the
first arrival on records G16 to G19, and a similar arrival is observed
on record H18C. This is too late to be a multiple due to the bubble-pulses
which die off in about one second. The probable explanation is that the
arrival has suffered a reflection within the top layer of the crust
before, or after, travelling as a headwave at the deeper interface.

The first arrival data gives a thickness of the top layer of 2.7 km
and a velocity of 3.2 km/s. An arrival reflected within this layer
would be delayed by about 1.6 seconds. Whilst this is consistent
with the time observed for the multiple, the discrepancy indicates
that the layer is probably thinner than that obtained from the first
arrival data or that the velocity is too low. Clearly this
observation is dependent upon the identification of the phase 'GhM'
being correct.

The travel-time graph

This graph (fig. 3=11) has been plotted with a time scale
reduced by A/5.0 seconds (where A is the range in km). The phases

obtained from the graph are listed overleaf.

TABLE 3.L4.1 /
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TABLE 3.k4.1

Layer Segment Velocity S.E. on Time S.E.on No. of
velocity intercept intercept observations

(s)

water wW 1.490 0.005
1 H1 3.22 0.08 2.52 0.06 L
3 H3 6.55 0.11 4.31 0.05 6
L HY 7.09 0.09 4.61 0.08 6
3 G3 6.27 0.06 h.12 0.06 6
L Gh 7.10 0.01 4,52 0.01 7

The notation omits layer '2' which is often identified with a layer
of intermediate velocity (5-6 km/s).

The interpretation of the travel-time graph

A bathymetric record was not obtained for this profile. To obtain
the depth of water the shooting ship records were picked for the first
reflection from the sea bed. Using a velocity of sound in water of
1.48 km/s (taken from 'Matthew's Tables') the depth was computed and

found to be constant to within 60 metres. The mean value is 2.20 km.

As a dahn buoy was not used as a fixed reference it is not possible
to compute the near surface velocity of the water-wave. The value of

1.49 km/s is taken from 'Matthew's Tables'.

The drift of the receiving ship has been estimated from the
navigation fixes of the shooting ship together with the range deduced
from the water-wave arrival time. The components of drift along the
line are 1.1 km/hr. north-west for line G and 1.3 km/hr. north-west
for line H. These values are consistent with the prevailing south—east

wind and the worsening of the weather to force seven or eight on line H.

The /
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The values of drift were used in estimating the effective length
of the reversed line = a range required to test the reciprocity of the
phases. The 6.27 km/s and 6.55 km/s phases have reciprocal times
in agreement within 0.2 seconds. This is within the limits imposed
by the errors in the velocity and intercept determinations. The

T7.09 and T7.10 km/s phases are reciprocal to within 0.1 seconds.

The uncertainties on the velocities of the 6.27 and 6.55 km/s
phases and the high rate of drift of the receiving ship suggest that,
except for noting the indication of a south-easterly dip of about 0.75
degrees, the interpretation should proceed on the assumption that the
interface of layers 1 and 3 is horizontal and that the velocity of

layer 3 is 6.41 km/s.

The high velocity phase, HlY, is not well determined. If the last
four points are used, a slightly higher velocity is obtained (7.23 ¥m/s).
This is approxima@ely the velocity which would be observed for a
horizontal layer 3 - layer 4 interface with the small dip suggested
above in the layer 1 - layer 3 boundary. There is not sufficient
confidence in the values to proceed along these lines and the high

velocity value determined on line G is used in the model.

The low velocity phase which has been discussed previously
is assumed to be present along the entire profile. The obsérved
velocity and time intercept give a depth of watér'of 2.10 km, which
is consistent with the known depth when account is taken of the depth

of detonation and of the receiving hydrophone.

The /
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The model which satisfies the travel-time dasta is shown in table 3.k4.2.

TABLE 3.4.2
Layer Intercept S.E. on Velocity S.E. on Depth to S.E. on
s intercept km/s velocity bottom (km) depth
water 1.48 0.005 2.20 0.09
1 2.52 0.06 3.22 0.08 4.90 0.30
3 L. 21 0.0k 6.41 0.10 6.77 1.62
L L.52 0.05 7.10 0.0k4

The minimum thickness of the 7.1 km/s layer is computed assuming that an
interface exists between this layer and a higher velocity layer and that a
first arrival from the latter appears on the last record of line G. Three

possibilities are given below for assumed velocities of a deeper layer.

TABLE 3.k4.3
Velocity Thickness of T.1 Depth to top
km/s km/s layer (km) of deeper layer (km).
7.4 h.27 11.0k
7.8 6.56 13.33
8.2 8.11 14.88

The assumption of a 7.l km/s layer would imply that the 7.1 km/s layer
cannot be correlated with the 7.4t layer found by others in the North Atlantic
(in particular line ES5 of Ewing, 1959). The 7.8 and 8.2 km/s represent the

limits of what may be termed normal upper mantle velocities.

3.5 The composite profile along the Iceland-Faeroe Rise

The two reversed lines, CD and EF, along the crest of the Iceland=Faeroe
Rise, have approximately the same azimuth. The most south-easterly station
of line EF - shot F25 - is about 20 km from the north-western hydrophone

station of line CD. The proposed model is shown in fig. 3-12 /



Fig. 3-12.

Composite model (b) from the seismic refraction lines
EF and CD, showing the relationship with the free-air

gravity profile (a), taken from the contour map after -

Stacey (1968). Assumed velocities are bracketted.
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3=12, the origin being at shot E24, about 100 km from the Icelandic
coastline. The probable minimum thickness of the crust has been

shown to be between 16 and 20 km; from an unreversed upper mantle
velocity on line D and from assumed sub-crustal velocities for line

EF. Layer 3 (6.8 xm/s) is well defined by line EF but not observed

on line CD, although it may exist here as a hidden layer. For
continuity along the two profiles, it would seem likely that layer 3
does exist in the south-east. The proposed layer 2 = layer 3 boundary
has been shown (dashed) for the maximum thickness of layer 3 which can

be present as a hidden lsjer.

The observed long wavelength, free-air gravity profile (taken from
Stacey's contour map) is shown sbove the crustal model. A preliminary
inspection of this profile shows an apparent correlation between the
30 mgal drop in the gravity anomaly and the dip in the top of layer 3,
required to join up the two seismic models. This correlation is

explored further.

Palmason (1970) has shown & correlation between gravity anomalies
and variations in the depth to layer 3 (deduced from seismic refraction
profiles) on Iceland. He found that a density contrast of 0.18 or

0.19 g/cm3

between layers 2 and 3 was required to satisfy the observed
gravity field. The velocity contrasts between the two layers are
similar, being about 1.3 km/s on Iceland and about 1.0 km/s on the
Iceland-Faeroe Rise. The calculated gravity anomaly (fig. 3=12)

has been obtained using a density contrast of 0.19 g/cm3 and the fit
with the observed anomaly is seen to be good. This interpretation

is not unambiguous in that the 6.8 km/s layer has not been directly

identified in the south-east, and the gravity anomaly could be satisfied

by a step in the M discontinuity. It is unlikely, however, that layer /
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layer 3 could terminate sharply in the south-east and the proposed
model, with a flat-lying crustal base, is considered to be the

best solution.
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CHAPTER L

PREVIOUS WORK AND DISCUSSION ON THE ICELAND-FAEROE RISE

Introduction

The Iceland-Faeroe Rise is a submarine topographic feature linking
the Faeroe Islands with Iceland and forming a shallow water region
between the Norwegian Sea and that part of the eastern North Atlantic
where relatively deep water is sandwiched between the Rockall Plateau

and the Reykjanes Ridge (fig. 0-1).

The determination of the history of this feature is clearly
importent to our understanding of the evolution of the north-eastern
Atlantic. In this chapter the results of other relevant work in the

area are outlined and examined with reference to the present survey.

Previous work on the Iceland-Faeroe Rise and related areas
of the North—-East Atlantic

Previous geophysical work on the Iceland-Faeroe Rise has been
conducted by the University of Durham. Stacey (1968) prepared a
free-air anomaly map from data dbtained on a 1967 cruise (fig. 3-1).
Magnetic field data collected on the Rise in 1967 and that from a
detailed survey of part of the Rise in 1969, are currently being

evaluated by Ingles.

On the basis of the interpretaticn of gravity profiles over the
eastern edge of the Iceland plateau, the north-wéstern shélf edge
of the Faeroes and across the Iceland-Faeroe Rise, together with some
consideration of the aeromagnetic map of the area, Stacey concludes
that the deep structure of Iceland, Faeroces and the intermediate Rise
are different. In particular, there is an indication of a gradual
change in layer thicknesses or densities betweeh Iceland and the Rise,

and a sharp density contrast in the upper crust between the Rise and /
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and the Faeroes block. Without further control he finds that the
gravity data cannot give a solution to the problem of the thickness
of the crust beneath the Rise but that there is some indication of
an intermediate thickness between normal oceanic and continental

thicknesses.

Previous geological and geophysical work in Iceland and the
Faeroes is clearly relevant to a discussion of new data collected
on the Iceland-Faeroe Rise. This is outlined in the following

paragraphs.

Iceland

Situated on the mid-Atlantic Ridge, Iceland is undoubtedly
important in relaﬁion to our understanding of the formation of the
oceans and the world-wide complex of mid-oceanic ridges. Much work
has been conducted in Iceland over the past decade with a view to
establishing both the shallow and deep structure. In general this
has yielded a picture indicating that the island is atypicel of a

mid-oceanic ridge, in other respects than its position sbove sea-level.

The island is almost entirely covered by Tertiary basalts for which

isotope age dating has given a maximum of 12.5 mybp. (Moorbath et al.,
1968).

On the basis of geological investigations and the early seismic
refraction work, Bodvarsson and Walker (1964) proposed that crustal
extension has been taking place in Iceland by the injection of dykes
into the central volcanic zones. The evidence for this hypothesis
is not conclusive according to Einarsson (1968) who has proposed,
mainly on the basis of observations in Iceland, that the mid=oceanic
ridges are the result of shear faulting in the earth's crust, and

that the Reykjanes Ridge, Iceland and the Iceland-Faeroe Rise form /
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form part of a network of orthogonal shear zones in the North Atlantic.
The author considers that the two processes are likely to be complementary

rather than contradictory.

From a study of seismic refraction profiles and their relation
with geothermal gradients and surface geology, Palmason (1970) suggests
that a crustal spreading process may be less active in northern than in
south-western Iceland, and that the spreading identified with the
Reykjanes Ridge structure is disturbed and possibly terminated beneath

Iceland.

The seismic structure of Iceland has been studied using several
techniques. B8th (1960) obtained seismic refraction data which was
interpreted in terms of a three-layered crust with P-wave velocities
of 3.69, 6.71 and 7.38 km/s; the depth to the T.38 km/s layer being

about 18 km.

Body and surfé,ce waves from short range earthquakes have been
used by Tryggvason (1959, 1962) resulting in the identification of the
T.4 km/s layer. Tryggvason (196L4) observed P-wave delay times of
2 =3 seconds for distant earthquakes and interpreted this as being
due to the low velocity (7.4 km/s) upper mantle extending to sbout
240 xm in depth. It has been suggested that the delay times were
in part due to errors in the standard travel-time tables used for the
calculations, and in part due to miss=-picking the records because of the
high level of background noise. Using more data and a more refined
analysis, however, Mitchell (1969) re-evaluated Tryggveson's
measurements and came to a similar conclusion regarding the extent

of the T.4 km/s layer.

Bott /



Bott (1965a) has proposed that an interpretation of the Bouguer
gravity anomalies of Iceland (Einarsson, 1954), compatible with the

seismic data, suggests large scale partial fusion within the upper

mantle beneath Iceland.

Palmason (1970) has interpreted a large number of refraction
profiles made in Iceland over the past decade. Most of the lines were
short (25-30 km) although several more recent ones were 80 to 140 km

in length. The following average velocities were obtained for the

seismic layering in Iceland.

Layer P-wave velocity (km/s)
0 2.75
1 L. 1k
2 5.08
3 6.35

An examination of the best reversed profiles indicated that the

most probsble velocity for layer 3 is 6.50 km/s and for layer L,

observed on longer profiles, is 7.2 km/s.

Palmeson has produced maps of the depths to layer 3 and layer k4
which show a considerable variation in the depth to layer 3, a maximum
of almost 10 km being found in south-eastern Iceland whereas in the
eastern region the depth is about 2 km. The depth to layer 4 is found
to increase eastwards to 14=15 km in south-eastern Iceland and a
re-interpretation of B2th's line indicates a similar increase in the

north. Layer I has not been observed in eastern Iceland.

Palmason's /
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Palmason's lines L8 and L9 (fig. 0-1) are the nearest long
profiles to the Iceland=Faeroe Rise and the results of Palmason's

interpretation are tabled.

L8 9
Layer P=velocity Thickness Depth to top : P-velocity Thickness Depth to top
(km/s) (km) (km) - : (km/s) (km) (km)
0 (3.0) 0.5 (3.0) 0.3
1 4.3k 2.9 0.5 : 4,18 3.h 0.3
2 5.52 5.0 3.4 : 5.19 6.2 3.7
3 6.52 6.1 8.4 : (6.5) k.9 9.9
L T.22 14.5 : 7.19 14.8
The velocities in brackets are assumed. The 6.5 km/s layer on

profile L9 is not clearly defined on the records as a first arrival

but it is thought to exist as a 'hidden' layer.

From combined seismic and temperature data Palmason suggests that

the 2-3 boundary is between metamorphic facies of basalt rocks.

The small scale features of the gravity field are found to

correlate with changes in the depth to layer 3.

Faaroes
The Faeroes block has not been studied in as much detail as Iceland.
3,000m. of plateau lavas have been mapped by Noe-Nygaard (1962). These

have been dated as lower Tertiary (55-60 mybp) by Tarling and Gale (1968).

Palmeson (1965) has described the results of two short refraction
lines on the Faeroes; one of which was reversed. The results indicate
that the upper basalt sequence has a P-wave velocity of 3.9 km/s and
the lower sequence one of 4.9 km/s. The apparent velocities of a
lower layer which was observed are 6.19, 5.76 and 6.58 km/s, with a
second arrival phase giving 6.58 km/s. Palmason assumes that the true

velocity of this layer is 6.4 km/s with a strongly dipping interface /
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interface (7°) at one end of his profile to explain the 5.76 km/s
phase, and he correlates this layer with layer 3 in Iceland. He
recognises, however, the possibility of a near-horizontal interface
above a layer with velocity 5.T6 km/s, the depth to this interface

being 2-3 km.

Marine refraction data

Refraction data in the Iceland-Faeroes region has been obtained
by Ewing and Ewing (1959). The location of their profile E-5 is shown
(fig. 0+1). This profile 440 km south of Iceland in relatively deep
water, gives a structure of about 1 km of consolidated sediments
(1.94 xm/s) overlying 2.8 km of a layer with P-wave velocity 5.T71 km/s,
which in turn overlies a T.U4T km/s layer. There is some indication
of a 3 km/s layer but not sufficient evidence to include it in the
model. The profiles E=3 and E-U of Ewing and Ewing are on the
Reykjanes Ridge and show two high velocity layers of about 5.7 and

T.4 km/s, with a thickening of the 5.7 km/s layer towards Iceland.

Talwani et al. (1968) ran a number of sonobuoy refraction profiles
on the Reykjanes Ridge. The profiles close to the ridge crest revealed
a top layer with velocity less than 3 km/s overlying a 4.5 km/s layer
which in turn overlies a 7.4 km/s layer. Over the inner flank of the
ridge the two layers have velocities U=5 km/s and 6.0-6.5 km/s. A
higher velocity layer was not observed in this region. There is some
discrepancy with E=4 of Ewing and Ewing where 5.8 km/s over 7.6 km/s
was observed in the same area. Talwani suggests that this may in part
be due to the difference in the shot spacing, resulting in the failuré
of E=k to reveal the shallow layer, and for arrivals fraom this possibly

being included with those from the 6.0-6.5 km/s layer.

Recent /
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Recent work on the Rockall Bank (Scrutton, 1970) has yielded a crust
of continental thickness (31 km) overlying an upper mantle with velocity
8.2 km/s. This unreversed velocity is high for the North Atlantic where,
north of SOQN, upper mantle velocities are typically 7.2=7.T km/s (Nafe and Drake,
1969). The observations indicate that the Rockall Bank is continental crust.
Wilson (1965) considers the Iceland-Faeroe Rise and Iceland~Greenland
Rise to be a pair of aseismic rises produced at a 'hot spot' on the mid-Atlantic
ridge and subsequently streamed laterally as new oceanic material was produced
in the middle.
4.3 Discussion
The seismic refraction results on the Iceland-Faeroe Rise yield
the following broad characteristics:
(a) A variasble thickness of layer 1 rocks (up to about 3 km) which
may not be present over the whole of the Rise. The velocities
of this layer lie in the range 3.2 to 4.6 km/s.
(v) A substantial thickness of layer 2 rocks with a velocity of
5.8 km/s, the upper surface of which shows considerable topographic
variation corresponding to the variasbility in the thickness
of layer 1.
(e) A 6.8 km/s layer 3 for which there is direct evidence in the
north-west of the Rise and indirect evidence in the south-east.
(d) A Moho determination in which there is less confidence but
which is supported by indirect evidence. The probable

thickness of the crust lies in the range 16 to 20 km.

(e) /



_To_

(e) A thinner crust in the relatively deep water, on the lower
flanks of the Rise, where a high velocity is observed. This
may be correlated with the upper mantle velocities obtained by
Ewing and Ewing (1959, line ES5) and by Palmason (1970) on
Iceland. This statement should be qualified by recognising
that the T7.10 km/s layer of profile GH may be lower crustal

material rather than upper mantle.

A comparison with the seismic structure of Iceland yields
similarities in the layering and crustal thickness, particularly
with south-east Iceland. Upper layers with variable velocity
(between 3 and 4.5 km/s) have been observed. The velocity of
layer 2 on Iceland (mean value of 5.1 km/s) is somewha; lower
than that observed on the Rise. The true velocity of layer 3
is considered to be 6.5 km/s on Iceland, although some higher values
have been obtained. The sub-crustal velocity observed by Palmason
(about T.2 km/s) is lower than that obtained by other workers (about
7.4 km/s) and is significantly less then the author's unreversed
determination on line CD (7.84 km/s). Below the variable low
velocity layers, therefore, there is a systematic increase in the

velocities of corresponding layers between Iceland and the Rise.

A comparison of the thickness of layers obtained by Palmason
on lines L8 and L9 in south-east Iceland and these obtained on the

Iceland-Faeroe Rise (lines EF and CD) is given overleaf:

Thickness km /
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Thickness km.

Layer L8 L9 EF CD
0 (0.5) (0.3) 0.6 2.8
1 2.9 3.4 1.6
2 5.0 6.2 .7 9.0
3 6.1 (4.9) (5.5)

The brackets indicate that assumed velocities were used for the layer.

Similar thicknesses of layers O and 1 (1a and 1b in the Iceland-Faeroe

Rise study) and of laye¥ 2 are observed.

The depth to the base of the crust in south-east Iceland increases
in an easterly direction, reaching about 15 km under line L9. Line EF
is about 200 km due east of L9, partially separated topographically
by en incursion of deep water. The thickness of the crust on the
Iceland-Faeroce Rise demonstrates further the similarity between the

Rise and the south-east Iceland.

Stacey (1968) has shown that the increase in the free-air gravity
anomaly over the shelf edge of Iceland can be interpreted in terms
of a rise in the base of the crust, to a depth of 10 km, under the
Iceland-Faeroe Rise, or that it could be equally well explained
by a systematic increase in density with horizontal distance eastwards.
The establishment of a thick crust under the Rise supports the latter
alternative. On the basis of the usual relationship in which density
increases with seismic veloeity, an increase in density between Iceland
and the Rise is expected in the crustal layers 2 and 3 and in the
sub-crustal material. If the density/velocity relationship is
assumed linear for the layer2/layer 3 crustal material, then extrapolation

of the density contrast found in Iceland of 0.19 g/cm3 between layer /
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layer 2 (5.1 km/s) and layer 3 (6.5 km/s), indicates that the
lateral variation in crustal density from Iceland to the Rise is
gbout 0.05 g/cm3. For a crust 15 km thick this causes an increase

of 30 mgal in the gravity field.

The seismic evidence indicates a thickening of the crust between
Iceland and the Iceland~Faeroe Rise. A thickening of 5 km would
cause a reduction in the gravity field of 40 to 60 mgal assuming a
density contrest of 0.2 to 0.3 g/cm3 between layers 3 and 4. The
increase in gravity due to an increase in lateral density of the crust
is, therefore, more than compensated by the increase in crustal thickness.
It is thus inferred that the observed increase in the Bouguer anomaly,
(about 40 mgal from the Icelandic coast to the Rise) is due to a lateral
increase in density of upper mantle material which in turn suggests
a transition from the anomalous upper mantle under Iceland to more

normal material beneath the Iceland-Faeroe Rise.

Assuming that the Rise is in isostatic equilibrium in accordance
with Airy's hypothesis, Bott (Bott, Browitt and Stacey, 1971) has
reinterpreted the gravity data and concludes that the Bouguer anomaly
gradient over the north-eastern margin of the Rise can only be satisfied
by a mass deficiency relatively near the surface. The best fit of this
gravity data requires a crust thickening to about 20 km under the Rise.

The seismic and gravity results are therefore consistent.

This work has established that the Iceland-~Faeroce Rise is underlain
by an Icelandic type of crust and not by normal oceanic crust. The
problems surrounding the origin of the Rise and the complexities of the
north-eastern Atlantic will require further work before a solution
is obtained. In particular, investigation of variations in the
sub-crustal structure between Greenland and the Faeroes is important.

A closer examination of the near-surface layers of the Rise, using deep /
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deep seismic profiling and dredging or coring, to give further
information on the topographic variations in the upper surface
of'layer 2, may also yield valuable information. A study of the
upper layers could also be effected with short (20 km) seismic
refraction profiles shot across the Rise and confined within single
high or low magnetic anomaliesto avoid the complications of major
offsets in the travel-time graphs.

The observed relationship with the Icelandic crust leads to the
requirement that a theory to explain the structure and tectonic processes
in Iceland must also explain the evolution of the Iceland-Faeroe Rise.
Clearly, further detailed work in Iceland and the surrounding shelf
areas, where data may be more easily obtained, will yield information

pertinent to the Rise.



THE SEDIMENTARY BASIN WEST OF THE SHETLAND ISLANDS

5.1 Introduction

A geophysical survey of the continental shelf west of Orkney
and Shetland was made by a Durham group in 1967 and 1968. Wide
coverage of the region was obtained using a gravimeter and magnetometer,
the data from which was supplemented by several seismic reflection (sparker)
profiles. From these observations a number of deep sedimentary basins
have been located together with a NNE trending gravity 'high' ('high' A)
interpreted as Lewisian basement clqse to the surface (Bott and Watts,

1970a) .

This section is concerned with seismic refraction data obtained
over the basin 'low' E and the adjacent 'high' A (fig. 5-1). During
the summer cruise of 1969, en route for the Iceland-Faeroes region,

a 50 km reversed seismic refraction line (line AB) was shot along

the strike of the gravity 'low' E. The method used was the two—ship
system described previously. In 1970 a 19 km unreversed line (line L)
was shot on the 'high' A, adjacent to '"low' E, to obtain the velocity

of the basement rocks. Data was acquired during this latter cruise
using a sono-buoy telemetry system, details of which appear in Chapter 6.

5.2 Interpretation of the seismic refraction data

5.2.1 Line L
Good records for line L were obtained on ultra-violet sensitive
paper only, and have not been stacked. Fourteen records were cbtained
over 19 km, the travel-time graph for which is shown in figure 5-2.
The range has been calculated for a velocity in sea water of 1.48 km/s -

being that obtained from measurements made on the line B data.

A/



Fig. 5-1. Part of the Bouguer anomaly map (after Watts, 1970) -showing

the relationship between 'low' E and 'high' A and the Séigmic
refraction profiles A,B,L and gravity profile XX'. The.

contours are in mgal.
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Fig. 5-2. Travel-time graph and interpreted model for line L.

Layer velocities are in km/s.



dwI] |aAes)

12 14 16 18 20

10

km

Range

.48
5.89

1

-
(@
ul oy qldao



-75_

A straight line fitted to all of the points on the travel-time
graph yields a velocity of 5.89 + 0.08 km/s with a time intercept
of 0.13 * 0.03 seconds. Shots out to a range of T km give 5.67 +

0.12 km/s with a time intercept of 0.09 * 0.02 seconds.

The effective sea depth for this line is 0.0T7 * 0.03 km. For
a layer with a velocity of about 5.7 km/s, the expected time intercept
is 0.09 * 0.04 seconds - a range which encompasses the two observed

values stated above.

These results, therefore, confirm that high velocity basement
material crops out at the sea bed in the region of 'high' A. There
is indication of an initial continuous increase in velocity with depth
from sbout 5.6 to 5.9 km/s after which no further increase is detected.

5.2.2 The records and the travel-time graphs of line AB

The record sections of lines A and B (figs. 5-3 and 5-U4) have been
prepared by stacking reduced travel-times against range. The range was
calculated using a water-wave velocity of 1.481 km/s, obtained from the

nevigational fixes and water-wave pickings of line B.

Three distinct phases are clear on the line A section which extends
to 40 km. In addition, a multiple of the phase Ak, viz. AWM, is

observed gbout 1.6 seconds after the first onset.

Three phases are also obgerved on line B, shot in a reverse
direction out to 55 km. Except for a few intermediate range records,
those of line B are more noisy than those of line A. This is attributed
to the worsening weather conditions. It has not been possible to pick
arrivals on records B4, B5 and B6. A multiple of the phase Bl is

observed (B4UM) although its onset is not as clear as that on line A.

At /
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At ranges greater than 10 km on line A and 30 km on line B a strong
high frequency arrival follows the water-wave (labelled AR and BR) and
appears to be asymptotic to the direct water-wave arrival (WW). The
line AR on the record section for line A gives the calculated arrival
times for a water-wave of velocity 1.48 km/s, reflected at a plane boundary
parallel to, and 12 km from, the profile. The good fit of this line
to the onsets of the phase leads to the suggestion that it is a side
reflection from a topographic boundary in the sea floor. Watts (1970)
has dbtained bathymetric records across the region of the steep gravi#y
gradient between 'high' A and 'low' E which show a relatively steep
rise in the sea floor of about 100 metres. To the'éast of this feature,
basement material crops out and the sea~bed topography probably marks
the position of the fault-line between the Lewisian basement and the
sedimentary basin. The feature follows the contours of @he stéepest
part of the gravity gradient which is parallel to liné A and dbouﬁ 12 km
from it. This is, therefore, almost certainly the boundary giving

rise to the reflected phase.

The travel-time graphs (figs. 5-5 and 5-6) show the fit of
straight lines to the refracted arrival data. The phases obtained

are tabled below.

TABLE 5.1
Layer Segment Velocity S.E. on Time S.E..on time No. of
km/s velocity intercept(s) intercept observations
water WW 1.481 0.005
2 A2 3.59 0.09 0.58 0.07 6
3 A3 L.62 0.10 1.10 0.08. 5
L AL 5.75 0.08. 2.35 0.08 6
2 B2 2.69 - - 0.03. 0.53 - 0.02 3
3 B3 k.80 0.0k 1.80 0.03 5
L BY 6.16 0.19 2.98 ' 0.19 6

5.2.3 The interpretation of the travel-time grsphs /
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5.2.3 The interpretation of the travel-time graphs

Lines A and B were intended to comprise a reversed line. On
plotting out the shot positions accurately, however, it is found
that the two lines are between 3.5 and 4.5 km apart. They are
parallel to the strike of the gravity low and there is, therefore,
likely to be zero or only small components of dip in seismic boundaries
along the two profiles. The gravity field has been shown by Watts (1970)
to require a density contrast across a boundary which dips towards
the steep, probably faulted, south-easterly boundary of the basin.
The discrepancy of 0.6 to 0.7 seconds in the time intercepts of the
observed higher velocity phases = A3 and B3, and Al and B4 - is most
probably a consequence of a south-easterly dip in thé layer 2-layer 3

interface, consistent with the gravity data.

Because of the relative positions of the two lines over a dipping
structure they cannot be treated as a reversed pair but each must be

interpreted in terms of horizontal layering.

The high velocity phases, 6.16 km/s on line B and 5.75 km/s on
line A, correspond to arrivals from a basémént layer. The discrepancy
may in part be due to the non-horizontal boundaries and in part to
other uncertainties embodied in the quoted standard errors. The
mean value of 5.95 km/s is in good agreement with that obtained on
line L for the basement (5.89 km/s), and this mean value probably

represents the true velocity of layer % in the basin.

There is relatively good correlation between the intermediate

velocities obtained - 4.62 kxm/s on line A and 4.80 km/s on line B.

Disparity /
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Disparity 1s observed in the velocities of the near-surface,
layer 2. The positions of the two determinations are about 40 km
apart and as the velocities are probably of dipping sedimentary
layers this variation is to be expected. The intercept times of
0.58 and 0.53 seconds are comparsble and are too high for the layer
to crop out at the sea floor. A topmost layer of 550 to 630 metres
of assumed velocity 2.0 km/s is required to satisfy the travel-time
data of layer 2. If the mean velocity of the top layer were as low
as 1.7 km/s a thickness of 430 to 450 metres would be required. For
the purpose of the interpretation of the deeper struc@ure, the former
velbciﬁy has been used. There is some direct evidence for this
upper layer in that the first record of line A yields an arrival

too early to fit the phase A2 (fig. 5~5).

Models have been obtained by assuming that the two lines
independently determine the true velocities of horizontal layers,
and also by taking the mean values for each phase as the true velocity,
but retaining the observed time intercepts of the deeper layers. These
models are shown below the travel-time graphs (figs. 5-5 and 5-6) and

in table 5.2.

TABLE 5.2 /
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TABLE 5,2

Line A observed parameters.

L I SEI v SEV D SED
Layer Intercept S.E. on Velocity S.E. on Depth to S.E. on
(s) intercept km/s velocity bottom(km) depth
water 1.48 0.005 0.14 0.03
1 0.09 0.03 (2.00) 0.0 0.69 0. 11
2 0.58 0.07 3.59 0.09 2.05 0.46
3 1.10 0.08 L, 62 0.10 6.37 1.16
L 2.35 0.08 5.75 0.08

Line B observed parameters.

L I SEI N SEV D SED

water 1.8 0.005 0.14 0.03
1 0.09 0.03 (2.00) 0.0 0.76 0.09
2 0.53 0.02 2.69 0.03 2.56 0.18
3 1.80 0.03 .80 0.0L4 6.61 - 0.96
L 2.98 0.19 6.16 0.19

Line A mean velocities.
L I SEI v SEV D SED

water 1.148 0.005 0.1k 0.03
1 0.09 0.03 (2.00) 0.0 0.71 0.08
2 0.56 0.03 3.1%4 0.05 1.67 0.27
3 1.10 0.08 _ L. T1 0.05 6.15 0.85
L 2.35 0.08 5.95 0.10

Line B mean velocities.
L I SEI v SEV D SED

water 1.48 0.005 0.1k 0.03
1 0.09 0.03 (2.00) 0.0 0.71 0.08
2 0.56 0.03 g 3.1h 0.05 3.14 0.23
3 1.80 0.03 h.71 0.05 6.98 0.98
L 2.98 0.19 5.95 0.10

A/
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A comparison of the depths to the interfaces given by the four
models shows & relatively consistent depth to the high velocity
basement, ranging between 6.1 and 7.0 km, with an uncertainty of sabout
+ 1 km. The mean values indicate a dip in this lower boundary of
between five and ten degrees but within the limits of the uncertainties
the boundary is horizontal with a mean depth of 6.5 km. The observed
values give depths to layer 3 of 2.05 km under A and 2.56 km under B,
indicating a south-easterly dip of seven degrees, although the uncertainty

in the determination for line A is relatively high.

The broad features of the structure indicated by this analysis
are as follows:
(a) A nigh velocity basement layer between 6 and T km in depth.
(b) An intermediste layer with velocity about 4.7 km/s probably
dipping in a south-easterly direction.
(¢) Upper layers with variable velocities and a likely combined

thickness of 2 to 3 km in the region of the two seismic lines.

-

The recognition of the multiple phases, AUM and BUM, leads to
a second approach to the determination of the thickness of layer 2.
The multiples, with the same phase velocity as the first onset, have
suffered a reflection between two boundaries in the structure above
layer 4. The time intervals between the first onsets and the
multiples are 1.6 seconds for line A - determined from the good
records A1k and A15 (fig. 5-3), and about 2.2 seconds for line B

(fig. 5=L4).

On the likely assumption that the additional path travelled
as a body wave was between the layer2-layer 3 interface and the

free surface, the thickness of layer 3 may be calculated.

Assuming /
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Assuming that layer 1 is 2.0 km/s and 0.6 km thick, these
calculations yield a depth under line B of 2.54 and 2.37 km
depending on whether the mean or observed velocities are used.
The depth under line A is 1.75 or 1.83 km. The computations

are clearly not sensitive to the velocity used.

If layer 1 is assumed to be absent, using the mean velocity
of 3.14 km/s the depths become 2.75 km for line B and 1.96 km for
line A, i.e. an increase of 0.2 km. This once again demonstrates

the insensitivity of the method to the velocity of the layer.

An error of 0.10 seconds in picking the time interval between
the first arrival and the multiple results in an error of about

0.15 km on the calculated depth.

This approach gives a range of possible depths to layer 3 -
between 2.3 and 2.7 km for line B and 1.6 to 2 km below line A.
These are in good agreement with the values obtained using first

arrival data (table 5.2).

The use of multiples in this way has certain advantages over
first arrival data. With the 1a§ter, an uncertain velocity determinetion
results in an wncertain time intercept to which the depth calculation
is sensitive. In addition, time intercepts are subject to hidden
systematic errors which may be introduced by a faulty clock, miss-picking
of the shot instant or in the range determination. The time interwval
between the first arrival and a multiple may be well determined on a
single favoursble record or may be obtained from a number of independent

determinations, which are free from systematic errors.

The /



The disadvantage of the method is that it depends upon the
accurate interpretaﬁion of the path of the multiple and the assumption
that a P to S to P wave conversion is not involved. A study of
expected amplitudes of multiple arrivals reflected between different
boundaries for a number of models may enable criteria to be established

which would meke this interpretation more certain.

In this particular case, although the first arrival data gives
a model which confirms the interpretation of the multiple and
therefore permits closer limits to be put on the depth to layer 3, a
possibility remains that a reflection within layer 3 could produce
the observed multiples. Records A10, A11 and A12 (fig. 5-3) show
a second arrival phase at about 1.4 seconds after the first onsets
which may be the corresponding multiple for the phase A3. This is
not clearly defined but if correctly identified supports the interpretation
that the multiples have been reflected between the top of layer 3 and

the free surface.

5.2.4 Geological interpretation of the seismic model

Layering which has been established in terms of variations in
elastic properties of the rocks cannot be unambiguously interpreted
in terms of geological sequences. There is considerable overlap
in the compressional wave velocities of different strata. These
velocities, however, together with possible densities inferred from
an interpretation of the gravity field, and the geological history
of nearby land areas can yield a probable model. Comparison of the
present work with that of others over sedimentary basinsg in the
Irish Sea and on the shelf off south-west England is likely to be of

assistance in this interpretation.

The /
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The high gravity gradient between 'high' A and 'low' E has
been interpreted as a faulted contact between Mesozoic and Lewisian
rocks (Watts, Ph.D. Thesis, 1970, Bott and Watts, 1970a). Basement
is shown to crop out to the east of the fault, from sparker records
and high frequency magnetic anomalies. The gravity gradient requires
a high density contrast of at least ~0.h g/cm3 which, with reference
to the work of Stride and others (1969), and the geological history
of western Scotland, leads to the conclusion that a succession of

Mesozoic=Tertiary strata must be present in the basin.

As far as the depth of the basin is concerned, the gravity

interpretation is ambiguous in that a mean density contrast of -0.6 g/cm

yields a depth of 3 km and -0.k g/cm3 a depth of over 5 km.

A reinterpretation of the gravity profile (XX') across the
basin has been made with the seismic refraction control (fig. 5-T).
A vertical fault has been assumed together with a maximum depth to
layer 3 of about 3 km beneath the seismic line, B. These assumptions
lead to a minimum density contrast being required to fit the steep

gravity gradient.

Two models are shown, one in which the western buried ridge is
considered to be topography of the layer 3 surface and the other in
which the high velocity (high density) basement comes up. The former
model requires a lower contrast between layer 3 and the bagement, with

a correspondingly high contrast for layer 2.

The densities shown are linked to an assumed Lewisian basement
density of 2.80 g/cm3 which is consistent with field measurements made

by Tuson (1959) and McQuillin and Brooks (1967).

The /
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- Fig. 5-T.. :;_!P;'inlé_.;)Q(' showing the fit between the calculated
" . and cbserved gravity, snomalies for two.models.
YA ‘and 'B' locate the seismic refraction profiles -

‘ aﬁproximate._:ly' perperidicular to XX'.
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The arguments of Bott and Watts, therefore, hold for up to 3 km
of the uppermost sediments (layers 1 and 2) which are probably
Mesozoic-Tertiary in age. Layer 1, which was probably observed
directly on only one record but which is required to satisfy the time
intercepts of the segments of the time-distance graph corresponding
to layer 2, is not the thin veneer of sediments observed by Watts on
e sparker profile. A thickness of 450 to 600 metres of layer 1 is
required, depending on the assumed velocity, whereas less than 50 metres
of upper sediments were observed on the reflection records. Layer 1
" may be associated with the dipping sediments observed beneath the top
50 metres by Watts. If it is a discrete layer, then it is probebly
the Tertiary sediments which Stride and others (1969) recognised as
resting unconformably on upper-Cretaceous at the western shelf edge.
There is only indirect evidence for this relationship between layers 1
and 2 in the basin and a discrete layer 1 may not exist, the travel-time
data being satisfied by a continuous increase in velocity with depth

over the top few hundred metres.

The probsble density of layer 3, 2.60 to 2.70 g/cm3 together with
the velocity of 4.7 km/s indica#es the presence of a thick succession
of Palaeozoic sediments or Torridonian sandsfone.' The density=-velocity
parameters for Carboniferous rocks are variable depending on the
proportion of limestone present. Those for 01d Red Sandstone have been
determined in leboratory experiments by Dey and others (1956) as L4.15

to 4.6h km/s and 2.63 g/cm3. Tuson measured the density of 0ld Red

3 3

on Arran as 2.60 g/cm” and Torridonian sandstone as 2.63 to 2.65 g/cm™.
McQuillin obtained a value of 2.68 g/cm3 for the 01d Red of Shetland.

On /
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On the basis of seismic refraction experiments in the area of
the western approaches of the English Channel, Hill and King (1953)
and Day and others (1956) suggested that the observed compressional
wave velocities fell into four classes which, with reference to the
nearby land, could be interpreted in terms of geological divisions.

This classification is as follows:

Class 1 1.7 = 2.5 km/s Mesozoic
2 2.7 - 3.6 Permo-Triassic
3 3.65- 4.85 Palaeozoic
L 5.2 = 7.0 Metamorphic and igneous basement.

Day and others did not have sufficient geological control to separate
classes 1 and 2 as shown sabove. They also recognised the probable
presence of Tertiary and Quaternary sediments in the area in which they
obtained the velocities and preferred to combine classes 1 and 2 as

'"Permian and all younger sediments',

The velocities obtained in the west Shetland shelf basin, being 2.0,
2.69/3.59, 4.7, 5.95 km/s, fall neatly into the above classes. From

this comparison support is lent to the interpretation previously

outlined.

The structure of the basin has strong affinities with the
Cardigan Bay sedimentary basin. Both are probably fault bounded and
structurally controlled along Caledonian trend directions and are of
approximately the same horizontal extent. Blundell and others (1968)
have reported the gravity and seismic results obtained over the
Cardigan Bay basin. A negative Bouguer anomaly of about 70 mgal below
the regional exists. Gently folded strata occur overlain unconformably

by horizontal beds 30 to 60 metres thick. Two primary layers are /
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are observed with velocities 2.3 and 3.5 km/s, the base of the former
reaching a depth of 1 km whilst the latter exceeds 2 km in thickness.
An interpretation of the gravity anomaly indicates a total depth

of 3.5 to 6.5 km. Deep reflection work (Bullerwell and McQuillin,
1969), tied to the Mochras borehole (Wood and Woodland, 1968),
establishes a maximum thickness of about 800 metres of Tertiary
sediments (corresponding to the 2.3 km/s layer of Blundell et al.).
This is underlain by a considerable thickness of what are probably
Mesozoic and Permian strata. No pre-Permian basement, corresponding
to the 4.7 km/s layer found in the west Shetland shelf basin, has yet
been established in Cardigan Bay, unless & correlation can be made with
the 4.0 km/s layer found in Tremadoc Bay and interpreted as Ordovician

by Griffiths and others (1961).

5.2.5 SUMMARY
The seismic refraction results in the west Shetland shelf basin
support the interpretaﬁion made from other geophysical data that a
succession of Mesozoic-Tertiary sediments are presént (Bott and Watts,
1970a). In addition a layer which may be of Palaeozoic age is
established overlying the Lewisian basement which has the same
compressional wave velocity as that cropping out at the sea bed to

the west of the basin where it forms the ridge of high gravity field.



CHAPTER 6

A GEOPHYSICAL SURVEY SOUTH-WEST OF SHETLANDS

Introduction

A survey of the region between the Dunrossness and Walls Peninsulars
(Shetlands) and the island of Foula was made in 1970 on R.R.S. John Murray
(fig. 6-1). The primary objective was to investiga:l_:e the shallow structure
by the seismic refraction method, using a Bradley sono-buoy system lent
by the University of Birmingham. Two refraction lines were shot, and
250 km of gravity and magnetic field data were continuously recorded
using a Graf-Askania GSS2 sea-gravimeter mounted on a stable platform,
and using a Varian magnetometer. About 150 km of seismic reflection

profiles were obtained using a 1 KJ E.G. and G. sparker system.

The ship's tracks and the seismic refraction lines were planned
with respect to a north-south trending gravity low, established from
previous work (Watts, 1970), and with respect to the geology of the

nearby land.

The sono-buoy seismic refraction system

A schematic diagram of the instrumentation used in the Bradley
system is shown in figure 6-2. Up to six buoys may be deployed

simultaneously.

Informa.i_‘.ion in the frequency range 3 to 300 Hz is féd' into the
amplifier from the hydrophone which is suspended beneath the buoy on a
nultiple-bight, neutra.lly—buoyam_: cable. The signal is used to
frequency modulate a 3.375 k Hz svb-ca.rriér, which, in turn amplitude
modulates the VHF transmitter. Each transmit’ger is crystal controlled
at a frequency in the vicinity of 27 M Hz, the cha.nnél‘ spacing being 25 k Hz.

On /



Fig. 6-1.

Bouguer gravity map showing .the locations of seismic

refraction "profi'lés_ K -and M, proﬁle ST, and other '

§hip's tracks. of the 1970 cruise. Contours are in mgal. -
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On board ship, signals are fed from a whip antenna to the receiver
rack which contains an R.F. pre—amplifier uwnit and six crystal controlled
receivers. The frequency modulated seismic signals are recovered at the
receiver outputs and are fed to a magnetic tape recorder and a demodulator
ﬁnit. The original hydrophone signals are recovered at the demodulgtor
outputs and are recorded on a UV oscillograph. The timer unit gives seconds
and tenths of seconds pulses which are recorded on the oscillograph and
superimposed on an FM sub-carrier for tape recording. A hydrophone
trailed behind the ship is used to inject a shot-instant signal into the

timing channel.

The specified range of the system is up to 25 miles depending upon

weather conditions, position of aerial and signal and noise levels.

The particular system used in the south-west Shetland survey did not
fully meet the specifications. In particular, there was cross-talk
between the channels together with other unidentified noise. Tape
recordings were poor owing to a low signal level but good paper records

were obtained up to a range of about 20 km.

To overcome the problem of cross-talk which seemed to be associated
with the demodulator unit the signal from one of the two buoys launched
was heavily attenuated for ranges greater than a few km, The replacement
of the standard hydrophone by a Clevite hydrophone resulted in an improvement

in the quality of the signal.

The buoys were launched about 1 km apart and shots were fired at 1 km
intervals to & range at which the signal was lost in the noise. For lines
L and K good arrivals were obtained up to a range of about 20 km. Five
and ten pound charges were used up to sbout 8 km after which 25 pound
charges were fired.

The /
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The charge size was limited because the vibration of the ship,
due to the reverberation of the water-wave in the shallow water,caused
circuit breaker switches to cut out the mains voltage supply. An
attempt to reduce this effect by increasing the burn time of the fuses

to over 100 seconds was only partially successful.

Reduction of the data

The tape recordings from the seismic refraction experiment were
of poorer quality than the original UV paper records. The latter were,
therefore, used to obtain the time-distance data. The programme 'RED',
described previously, was used to convert the water-wave arrivals to
renges, assuming a water-wave velocity of 1.48 km/s, and to apply the

'drop-bang' correction to the travel-times.

The gravity, navigation and bathymetry data was converted to punched
card format by E.M.Himsworth (Department of Geology, University of Durham).
The observed gravity values were then reduced to yield free-air and
Bouguer anomalies using a modified version of a gravity reduction programme
written by Watts (1970). The programme applies the standard corrections
to gravity data obtained at sea, viz. drift correction (assuming linear
drift between base stations, Edtvos, latitude and Bouguer corrections.

The mean drift of the instrument between the Stornoway and Lerwick bases

(relevant to this survey) was 2.8 mgal/day.

Cross~—coupling corrections have not been applied to the data and

this may be a significant source of error.

The cross=-over errors give some indication of the consistency of the
observations. These are of the order of 5 mgal except on one Section
where they reach 30 mgal. Fortunately, this section is crossed twice

by reliable lines and it has, therefore, been neglected.

For /
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For a detailed discussion of the corrections and errors associated
with marine gravity data the reader is referred to Worzel, J.L. (1959),
La Coste and Harrison (1961), Wall, Talweni and Worzel (1966) and

La Coste (1967).

A Bouguer anomsly map (fig. 6-1) has been prepared from the 1970 data

and that data collected on earlier surveys.

Sections of the seismic reflection profiles have been reduced to

line diagrams (fig. 6=3) and near surface structure indicated by the profiles

has been mapped (fig. 6-4).

6.4 The geological and geophysical setting

A detajiled discussion of the geology of thé Shetlands is given
by Finlay (1930). More recently, McQuillin and Brooks (1967) nhave
published the results of regional gravity and magnetic surveys over the
Shetland group of islands. These geophysical results have been related
to the observed geological structure and have been used to advance new
geological interpretations of subsurface structure. The geological
sketch map (fig. 6-l), including major structural linés, is taken from
McQuillin and Brooks (1967) and is used as a basis for the interpretation

of the geophysical data obtained on the present survey.

The Walls boundary fault with its southerly and northerly extensions,
has been described by Flinn (1961) as a powerful dislocation across which
there is no geological correlation. McQuillin and Brooks suggest that the
geophysical evidence supports the proposal that this fault is part of a
major tear fault.

Between the Walls boundary fault and the Whalsay-Clift sound dislocation
is a region of schists and gneisses forming a stable basement and to the

south-east, forming the Dunrossness Peninsular, is an area of Phyllitic rocks /
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rocks and 01d Red Sandstone deposits. A strong positive gravity
anomaly on the Peninsular has been interpreted by McQuillin and Brooks
as being due to a large basic intrusion at shallow depth. Surface
mapping (Knox, 1930; and an interpretation of the gravity field indicate
a thickness of 0l1d Red Sandstone of sbout 4 km in the Bressay region

thinning to about 2 km under Noss.

West of the Walls boundary fault is an area of predominantly 0ld
Red Sandstone rocks intruded by igneous complexes of the same age. A
broad synform of 01ld Red Sandstohe rocks oc¢cupies most of the Walls
Peninsular and is intruded in the south-east by sheets of granite (the
Sandsting granite) and diorite. Concerning this area Finlay (1930)
says 'the area has been invaded by a sheet of granite which at various
depths, seems to underly it everywhere', and on the Culswick shore
(south Walls coast) 'the sill-like relations of the granite to the
overlying sandstones are well shown'. To the north granite rocks are
exposed on Muckle Roe and North Maven. In broad terms Finlay sees this
complex west of the Walls fault as a great sheet in which there is a
transition from granite to gabbro with depth. In the Sandsting area
he has observed numerous masses of country rock enclosed in the granite,
including foundered blocks of sandstone hundreds of square yards in
extent together with narrow ridges of old floor on which the sediments

were laid down.

6.5 Interpretation of the results

6.5.1 The seismic refraction experiment

The two refraction lines, K and M (fig. 6=1), do not form a
truly reversed line because line M is effectively terminated after 10 km
owing to poor signal reception. The reciprocal position with the

hydrophone station ©f the 22 km line, K, is not reached. A negative /



negative gravity gradient of about 1.6 mgal/km is observed along the
first half of line K. A line diagram of the corresponding sparker

profile is shown (fig. 6-3, profile St).

The travel-time data for line K cannot be confidently fitted
by straight line segments but is better fitted by a curve (fig. 6~5).
To obtain values of velocity and time intercepts this curve has been
approximaeted by three straight lines fitted to the data by the method
of least squares. Some overlap of the data for each segment has been
used and the result of combining data from the third segment with
most of that from the second is seen to have only a small affect

on the velocity (K 23, table 6.5.1).

The travel-time data for line M (fig. 6-5) shows two straight-line
segments although it is uncertain whether the arrival at a range of
about 4 km lies on either of these two lines. The results of the

analysis neglecting this arrival are shown in table 6.5.1.

TABLE 6.5.1

Segment Range Velocity S.E. on Time S.E. on time No. of

" km km/s - velocity intercept(s) intercept observations
WW 1.48
K1 1.6 = 5.4 4.0k 0.13 0.12 0.03
K2 5.2 = 13 L.76 0.06 0.31 0.02
K3 12.8-23 5.2L 0.08 0.56 0.05 8
K23 8 = 23 5.09 0.05 0.h45 0.05 12
M1 1 -3 2.65 0.17 0.13 0.05 L
M2 5= 10.2 5.26 0.16 0.86 0.05

An examination of the sparker profile along line K (fig. 6-3,
profile S1) shows that the sono-buoys were deployed over basement
material and that the first shot, K1, is at the junction between this
rock and sediments dipping in a southerly direction; over which

subsequent shots are located. This reflection profile indicates /
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indicates the reason for the continuous increase in velocity observed
on line K in contrast to the discrete layering indicated by line M.

It is suggested that the third segment of line X (K3)and the second
segment of line M (M2) give the true velocity of the basement layer
(5.25 + 0.18 km/s). The same velocity is observed in both directions,
from which it can be inferred that the interface is horizontal beneath
line M. The lower velocities, observed at shorter ranges on line K,
and the discrepancy in the time intercepts (0.30 secs.) between the
segments K3 and M2 is explained if the 5.25 km/s layer rises to the

surface between shots KT and K1.

The interpretation of the data from line M as a two=layered

structure is shown below.

TABLE 6.5.2
Layer Intercept S.E. on Velocity S.E. on Thickness S.E. on
s intercept km/s velocity km thickness
Water 1.18 0.005 0.10 0.02
1 0.08 0.05 2.65 0.17 1.18 0.16
2 0.86 0.05 5.26 0.16

The intercept used for layer 1 is 0.05 seconds less than that
observed. This is in agreement with the mean effective sea depth.
The discrepancy between the known sea depth and that calculated using
the observed time intercept for layer 1 cannot be entirely explained
by assuming that a lower velocity layer lies sbove layer 1. Such

a situation is not compatible with the seismic reflection data.

The mean dip of the layer 1 - layer 2 interface betweén shots K1
and KT can now be determined from the thickness of layer 1 and the

separation of the two shots. The value obtained is 11.3 degrees.

An /
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An apparent velocity ©f 4 km/s (that of segment K1) is observed
when shooting down a 5.25 km/s layer dipping at 11 degrees. This

is in good agreement with the above estimate.

The discrepancy in the deley times to layer 2, between segments
K3 and M2, (table 6.5.1) is explained by considering the different
paths taken by a wave to the lower layer. For line M the wave passes
through 1.2 km of layer 1 below the shot and below the hydrophone.
For line K it passes through 1.2 km of layer 1 at the shot but comes
up to the sea bed as a headwave entirely in layer 2. The calculated
delay time under the hydrophone for line M is 0.43 seconds and for
line K the delay time due to the water and an .11 degree dip in layer 2
is 0.09 seconds. The calculated discrepancy between the two intercept
times for the proposed model is, therefore, 0.3l4 seconds, which is in

good agreement with the observed 0.30 seconds.

Assuming that the velocity of 2.65 km/s for the sediments extends
to the region of shot K1 (profile S1, fig. 6-3) the apparent dip of the
sediments is U4 degrees. The gravity field indicates that the refraction
lines and reflection profile S1 are perpendicular to the strike of the
basement in this region and, therefore, that the values calculated

above are close to true dips.

The proposed model (fig. 6~5) satisfies the geophysical data.
The non-correspondence between the dip of the surface sediments
(4 degrees) and that of the basement (11 degrees) does not present a
problem provided that sediments were not lain down horizontally on the
basement with subsequent tilting. The mutual dip of the sediments
towards the centre of the basin on the northern, eastern and western
margins indicates that dipping margins were present before sedimentation.

6.5.2 The gravity and seismic reflection maps /




Fig. 6-5. Travel-time graphs and structural interpretation -of profiles
K and M. Circles refer to one sono-buoy and triengles to

a second.
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6.5.2 The gravity and seismic reflection maps

The Bouguer anomaly map (fig. 6-1) shows a NNE-SSW trending
gravity low ('low' F) which increases in width from the Walls Peninsular
in a southerly direction. The steep gradient of the eastern margin
of the trough follows the 50 fm contour and the southerly extension
of the Walls bowndary fault (fig. 6-4). To the west the contours
follow the regional gravity field along Caledonian trend directions
(Watts, 1970). Within this broad gravity low there is a higher
frequency trough outlined by the zero mgal contour. This closely
follows the 50 fm bathymetric contour to the east and north. The

meximum smplitude of the 'low' is about =30 mgal.

The seismic reflection map (6-4) has been compiled by recognising
several types of near-surface structure. Examples of the different
regions are shown in the line drawings taken from the reflection records
(fig. 6=3). The locations of these profiles are shown on the reflection

ma‘p .

'Sed' is a region in which a continuous expanse of near-uniform
sedimentary layers are observed. 'Base' is an area in which profiles
do not show any sub-bottom structure, indicating that a good reflecting
basement material crops out at the sea-bed. 'Int' is a region showing
variable and intermittent layered structures within material with
basement features. The feature 'm' was observed on the three profiles
which traversed the 50 km contour off the west coast of the Dunrossness
Peninsular. This zone between sedimentary and basement material almost
certainly locates the southerly extension of the Walls boundary fault
and is probsbly the mylonitized zone which is observed in association

with the fault on land.

Profile /
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Profile 81 (fig. 6~3) has already been described. It shows
the transition from basement to sediments at the northern edge of the
higher frequency gravity low. Profile S2 shows the nature of the
intermediate structures between sediment and basement. Profiles
S3 and Sk are part of the continuous east-west profile ST, observed
across the gravity low and the seaward extension at the Dunrossness
Peninsular. This profile is discussed in detail in the next section.
53 shows the intermediate structure giving way to sediments with an
apparent easterly dip. About 8 km of these are omitted between
sections S3 and S4 (note that the distances shown are those used on
the profile ST). Section Sk shows the trensition from easterly
dipping to westerly dipping sediments and the transition through
the fault zone 'm' onto basement material. The latter is associated
with a rough bottom topography and a reduction in sea depth. Profile S5
is in a north-westerly direction from basement material across the Walls
fault. It traverses the embayment between the Walls and Dunrossness
Peninsulars. It shows more recent sediments lying unconformasbly on the
dipping sediments observed elsewhere in the region. This is the only
example showing an unconformity and it is probably a local feature associated
with the embayment. A continuation of this profile to the north-west
was not obtained but it appears that the base of the top layer would
intersect the sea bed a few km to the north-west, indicating a strutture

with the form of a buried channel.

The three primary regions described above have been mapped (fig. 6-k4).
This map shoirs corrélation with the gravity map (fig. 6-1) and outlines
a sedimentary basin in the region of deéper water. In addition, it shows
that the souﬁherly extension of the Walls boundary fault closely follows

the 50 fm contour. A westward trending narrow strip of sediments is /
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is observed south of Foula island which is confined to a region

of deeper water. The basement material should not necessarily be
considered to be uniform over the region. In particular, the profile
crossing due south of Sumburgh Head shows a continuous good reflecting
rock but the topography of the sea bed changes from rough to smooth.
The location of this change has been connected to the junction between
Phyllitic rocks and the 0ld Red Sandstone of the Dunrossness Peninsular
by the line labelled 'g'. This line follows the structural grain in
the area (dictated by the Walls fault) which supports the suggestion
that the relationship between the two rock types on the Peninsular

extends southwards to produce the observed chenge in the topography.

6.5.3 The south Shetland profile ST

Using the controls imposed by the interpretation of the seismic
reflection and refraction data the gravity profile, ST, passing about
10 km south of Sumburgh Head, is interpreted to yield a two—dimensional
model. TFigure 6-6 shows the observed date and two possible structural
models. A close correlation is observed between the séismic reflection
and gravity profiles. The total magnetic field profile has not been
interpreted quantitatively. It shows a close resemblance to the gravity
profile, which is expected for an almost north-south trending structure
at these latitudes where the magnetisation vector is probably near
vertical. High frequency magnetic anomalies are associated with the
region of rough sea bottom topography, giving further support to the
interpretation proposed in the previous section. Similar high field
gradients are observed on a profile crossing the Walls fault further

north.

A/



Fig. 6-6. Diagrem showing the geophysical data obtained on profile-
ST and two structural interpretations which are compatible .

with the seismic refraction profiles K and M.
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A near-vertical fault is necessary to fit the steep gravity
gradient which is in sgreement with field cbservations of the Walls
boundary fault. A minimum mean density contrast of =0.45 g/cm3 is
required for the sedimentary material with a mean depth of about 1.2 km
(indicated by the refraction results). The long wavelength part of
the gravity low is satisfied by & body having either an inward or an
outward sloping contact to the west and a density contrast of =0.15 g/cm3.
Irregularities in the gravity field and the truncation of the profile
to the west prevents the nature of the contact being defined more
precisely. TEast of the fault the gravity low is satisfied best by a
body with an outward sloping contact to the east and a vertical contact
at its western margin. Using a density contrast of =0.15 g/cm3 the
fit for a body with an inward sloping easterly margin is shown. Within
the limits of'the observational errors it is thought that the fit of this
latter model is satisfactory. A greater density contrast across the
wesﬁerly margin would improve the fit. The thin vertical strip of
material placed in the fault zone improves the fit marginally by reducing

the maximum residual in the region of high gravity gradient from about

S mgal to 2 mgal.

Digcussion
A relatively simple model satisfies the geophysical data. A

geological interpretation of this model is attempted.

The P-wave velocity of the sedimentary basin (2.65 km/s) falls
into the Permian and post-Permian division of Day and others (1956).
About 60 metres of sediments (Quaternary ?) have been observed in the

north-east of the basin lying unconformably on dipping sediments. A /
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A similar unconformity was observed by Watts (1970) in the west
Shetland shelf basin described in Chapter 5, although in that area

it was shown to be more extensive.

An interpretation of the materiasl underlying the sedimentary
basin is more difficult. An extrapolation of the geology of the Walls
Peninsular suggests that 0ld Red Sandstone or granite or a mixture
of the two may be present. The seismic velocity (5.25 km/s) seems to
favour igneous rock rather than Palaeozoic sediments in the central
region, although laborstory measurements on Middle 01d Red Sandstone
strata in the Orkneys have yielded P-wave velocities of 4.9 to 5.8 km/s
(McQuillin, 1968). Whilst such laboratory measurements usually
overestimate velocities determined in the field there is evidence that
the velocity range could include the observed 5.25 km/s. In addition,
Finlay's description (1930) of the Walls sandstone as a fine-grained,
hard, compact rock with laminae of heavy mineral concentrates, contrasting
with the 0l1ld Red Sandstone elsewhere on Shetlands, suggests the possibility

of an abnormally high velocity.

The density of the Phyllites to the east of the Walls fault lies
in the range 2.70 - 2.85 g/cm3 (McQuillin and Brooks, 1967). The
densities of the Walls sandstone and South Walls granites have been
determined as 2.68 and 2.63 g/cm3, respectively. Because of the
uncertéinty in the mean dénsity of thé métamorphic rocks either of these

densities could produce the required contrast of -0.15 g/cm3.

The gravity low to the east of the Walls fault is almost certainly
due to 014 Red Sandstone. This is deduced from the observéd relationship
between Phyllitic rocks and 01d Red Sandstone on the'Dunrossnéss Péninsular,
and by comparison with the 4 km deep trough of 01d Red Sandstone beneath
Bressay.

The /
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The model with an outward sloping contact in the west gives

a change of structure at the surface which may be correlated with

the division between the material 'Base' and 'Int', observed on the
reflection records. This is not conclusive, however, because only
about 100 metres of near surface structure is observed and there may
not be a persistance of this with depth. It is tempting to relate
this intermediate structure with the granite-sandstone mix observed
by Finlay on the Walls Peninsular, although the reflection records
over the proposed 0ld Red Sandstone at the eastern end of the profile

do not show any layered structures.

It is concluded that the geophysical data is consistent with the
hypothesis that a large granite mass underlies the region south of the
Walls Peninsular. The observed P-wave velocity of rock beneath the
sedimentary basin and the density contrast required to satisfy the
gravity field are, however, at the extremes of ranges of parameters
attributed to Walls sandstone. A probable solu#ion is that granitic
and sandstone rocks are both present in a similar relationship to that

observed on the Walls Peninsular.

It has been shown that hard rock crops out at the sea bed 20 km
south of the Walls Peninsular and bottom samples from this region would

yield useful information.

Summary
The interpretation of geophysical data collected in the region
south of the Walls Peninsular (Shetlands) yields the following results:

(a) /
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(a) A confirmation of the southerly extension of the Walls boundary
fault, to 10 km south of Sumburgh Head, and the precise location

of the fault zone at three places.

(b) The existence of a sedimentary basin, probably of Mesozoic-Tertiary

age, with a depth in excess of 1 km.

(¢c) The southerly extension of granite and 01d Red Sandstone rocks
beneath the sedimentary basin, which are probably similar to those

of the Walls Peninsular.

(d) The existence of a trough of 01d Red Sandstone east of the Walls
fault is established, together with its relationship to the
metamorphic belt observed on the western side of the Dunrossness

Peninsular.
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APPENDIX A

The locations of the end points of the seismic refraction profiles

obtained in 1969 and 1970 are given.
A comparison is made of the charge sizes used at different ranges

for the longer profiles, A to H, for which record sections are shown elsewhere.

Location of profiles

Hydrophone End point

Line Latitude Longitude Latitude Longitude Direction Length

north west north west degrees km
A 5953 09 03 39 37T 60 12 0T 03 17 00 33 L1
B 6013 37 03 11 37T 59 51t 09 03 38 22 210 56
C 6238 56 08 47T 12 63 11 25 09 L5 21 320 68
D 6312 20 09 47T 03 62 36 26 08 Lo 12 140 85
E 6322 50 10 21 27 64 ok ko = 12 .14k o2 313 122
F 6359 13 11 58 43 63 15 36 10 08 30 130 123
G 6200 12 16 08 35 61 35 L4 15 19 48 135 68
H 6136 0T 15 20 k9 62 03 12 16 14 31 322 62
L 595 26 03 02 39 60 08 24 02 50 18 35 20
K 6004 44 01 33 33 59 53 36 01 39 5k 196 22

M 5955 4 01 39 37 60 02 34 01 36 55 15 10
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Charge sizes

Charge sizes are given in pounds of geophex below the profile identifying

letter.

Range km A B C D E F
2 10
L 2.5 2.5 2.5
6
8 25

10 10 25 25
12 10
14 25 25 50 50
16 25 50

18 25

20 100 100
22 50

2k 50

26 50 50 100 50

28 200 200
30

35 100 100

L0 100 100

45 100

50 : 300. 300
55 200 200

60

65 200 200 200

70

75

80 300, 300

85

90
100
120

H
10
20

o M
 —
o
Im
(=

_.;l_.

Ia
& |

IN
Ul
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APPENDIX B
Six programmes are described and listed together with sample output.
They are written in fortran IV for the IBM 360/67 series computer used by

Durham University.

Programme 'RED'

This programme reduces the raw picking data from a two-ship seismic
refraction experiment to yield time-distance data. A correction is made for
the time taken for the direct water-wave to travel between the shot and the
shooting ship. For this correction an estimate of the ship's velocity is
required in units of distance/hour.

The programme is specialised to allow for pickings from the receiving
ship records being in wnits of time which are not seconds ('"E time'). The
appropriate factor (multiplier) is inserted to effect the conversion to seconds.
Where necessary the output is duplicated so that times appear in seconds and
'E time'.

Input

A header card of 80 columsfjeld width is used to identify the data.

The following general parameters are required:—

(i) two estimates of the water-wave velocity (WVEL) - the first one, only,
is used tq give the reduced travel time, although ranges and reducing
factors are computed for both velocities:

(ii) two reducing velocities (REDV) - the first is used in computing
the reduced travel time and both are used to give reducing factors

(i.e. distance/reducing velocity):

(iii) /
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(iii) four scaling factors (SCALE) - these scale the ranges through

division by 'SCALE', eg. SCALE = 6.67 (km/inch), is useful in

preparing record sections for which 20 km are represented by 3 inches.

Following the list of general parameters raw data for each record is

input as follows:—

ATLPHA

CALIB

PBSEC,

PWSEC,

SPSEC,

SHIPV

DBTIM

- a field of eight alphameric characters to name the record.
- the multiplying factor to convert 'E time' to seconds, on the
receiving ship pickings.

PBTEN1, PBTEN2 - the time on the receiving ship record between the
common correlation pip and the arrival in whole numbers and
fractions of 'E time' (positive for time increasing from pip and
negative for time decreasing).

PWTEN1, PWTEN2 - similar to the above times but applying specifically
to the water-wave arrival.

SPTEN =~ +the time, in seconds and fractions of seconds, between the
shot instant 'break' and the correlation pip on the shooting
ship record (positive in the stated direction).

- the velocity of the ship (positive for range increasing) in units
of distance/hour).

- the drop-bang time, i.e. time between the charge going overboard

and the instant of detonation.

Colum 80 is read (ITRIG) on each data card. If a blank (zero) is found the

next data card is read: a '1' stops the programme after the computations relating

to that card and a '2' sets up the programme to read an entirely new set of data

commencing with a header card.

The input format is given at the beginning of the programme listing.

Qutput /
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Output

The input data is printed out together with the sums of the
whole number and fractional parts of the pickings in 'E time' and
seconds. The shot instant to pip is printed, corrected for the
drop-bang distance (SECSP). This is followed by the times and
ranges of the arrivals, the reducing factors in seconds and 'E time',
and the scaled ranges. This output is explained adequately by the

column headings (see sample output after the programme listing).
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Flow diagram of 'RED'

? Input routine
>

|

List header and general parameters

b

Combine input times in secs. and 'E time' and apply
drop-bang correction.

}

Print raw input and combined input times.

|

Compute travel times of arrival and water-wave and the ranges
for the two estimated water~wave velocities. :

|

Compute shot instant to pip in 'E time'; the reducing factors
(distance/reducing velocity) for the two water-wave velocities
in seconds and 'E time'; the reduced travel time using the
first water-wave velocity and reducing velocity; and the scaled
ranges for the two water-wave velocities.

l

Test for:-

L__ new data card,
end or new header.

l

Output routine

|

Test for:-

‘- new header or
end

End programme
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D000

RED LISTING
vEL L8 MATR CATE = 715 21717725

TO RESHTT S5EI5410 REFRACT I TATA
WYELL UV L2 ARE LATER RAYE VAL CITIES
REBDV L idiZiny 2 AR RIOLCING viLls. TC SIVE RICLCCT TRAVEL TIMES
;r\iil,L,E,ﬁ SCVil TRE RALSES TO IMSoSAY wWITH WdITS GF KM/IN
ALPHANERIC FIgLs OF & CCCuni=s FIRST 8 QLS
fLALLR L\\lui\!fi THE TIMS sCulg (1/2 MULTIPLIEDE 2y CALIR)
DP?_L,P'TLIL,IfT?HE ARE TIRZ UIITS TC PIP wWHICH ARE ALDED
PRSTEL Yy PWTE L 2w T a2 ARE TIHE UNITS TO PIP FOR WATER WAVE ARRIVAL
’P,h_,dvrlt AT TINME LNITE FRCM SEQT TC PIP ALSC ACCEC
SHIPY= SHIP'S SPEED IM KM/HR 4 SAY
BETIV= DOREP BANC TIME IN SECS
ITRIG= GIGRHMALLY ZERC IF SET TC 1 IN CCL 8% STOPS PROGRAMME

IF SET TC 2 IN CCL 89 SENDS TO NEw FEACER

FORNAT -

HEACTLER (8C COLS)
HVELL WVEL2 REDVY RELCVZ2 SCALEY SCALE2 SCALE3 SCALES (8F5,471)
ALPEAN CALIDR PRSEC PRTENL PRTENZ PwWSEC PWTENL PwWTEN2 SPSEC-

SPTER SFIPV CETIVM ITRIG (00 ABOVE CARD) (4A2,11F 6. %)

ARRAY 0OF ABCVE
O LAST CAaeDy SET ITRIG IN CCL 8% - 1 STCPS,2 SENDS TG HEADER

CIVERSIULN LINEHO (400)
DIMORSICK SECSEP(SS) ,CALIR{99) 4 ISKFCT(4,99)ETINER(97),ETIMEW(SY)
CIMENGTIUN SECR (GG} 3 SECH(SS) s WWTINME(SO) JARTINME{(9G) ,RANCE]L (99)
CIMENS LUK RARGEZ(S9),SPETIM(SS ), RTIMI1I(9G),RTIMIZ2(G9),RTIN21(GS)
CINMCHMSICN RTIF22(99) ,ERTLILI(99),ERTLI2(99),ERT21(99),ERT22(G9)
DIMCHSTUN RILC 21(6G),RINC 12(6S),RINC 13(9G),RINC 14(59)
CIMENSTON RINC22(G9),RINCZ2(6G),RINC22(6S5),RINC24(59)
CIMENSICN SHIPV(99),ICB(99),RECTIN(99)
READ FUADER NAME

21 REAL(SB, 20 )L INEND

20 FCRMAT (4,1A2)
WRITLU(64530) LINENC

31 FORMAT(4UA2)

READ LETAILS OF WVELS SREDLVELS & STACKING SCALES

READ(ER, 2 )WVELLy WELZ,REDVL,RECV2,SCALEL ,SCALE2 ,SCALE3,SCALE4
21 FCREATUAFS a1, 4F5,..)
LRITE(6,32
22 FORMATO//7' wWVELL WVEL2 REDVYI REDV2 SCALEl SCALE2 SCALE3 SCA

RLEA4Y)
WRITE(H,33)WVELL, HVEIZ;RFCVI RECVZ,SCALEL,SCALE2,SCALEZ,SCALES
23 FCRMAT(F€e333F7:33F3.3,3F8.3)

WRITE(6,24)
34 FURMAT (/717X V%0 12X, 'PIP TO BREAK ', 11X, "*',11X,'PIP TO WWAVE',11X
4% ,4X,*SHCT TC PIPY)
WRITL(6,25)
25 FURMAT(' SHCT NO CALIB * SEC TENTHS ETIMED SEC8 * SEC
3 TEMTHS ETINMY SECW * SEC TENTHS SECSP SECSPC!')

REAL PICKING INFO.
LAST CARC 1 IN CUL 80 TO END, 2 IN COL 89 FOR NEW HEADER

I=.

I )
AEAD (5, 22) (ISKFOTHY 2 1)y Jd=1,4),CALIB(L)PBSEC,PBTENL14PRTEM2,PWSEC,PU
STENLPUTENZ ,SPSEC,SPTENSSHIPV(I) LCBTIN,ITRIG
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21/5°7/25

22 FCRUAT (4A2,11F6. 1,bX,11)
[hs{I} = Ca8T1LlV

CoMPUTZ TOOAL STVINMES & T1i4ES Inl SECS
IV 0 (I)=PREVOHPETINLIHPRTEN?

TINZUHIIY=PRSECHPWTZHIAPHWTENZ
zC. (I)—iﬂlln(l)rFTIHCG(I)
r

Su -(l)—L\LlV(I)“LTIVrh([)
SILSP(IY=SPSEC+SPTEN

SECSPC = SECSPA(TI)+SHIPYVIII®DNTIN/(2€330%165)
IPHSZC = PWSEC

IPasi = PRSEC

[SPSEC = SPSEC

1Q{]"(3y36)(ISHGT(J.I)1J=114)1CALIB(I),IPBSEC,PBTENI,PBTENZ,ETIMEB
'q(l)y..u'”([)i
CIPASTU yPWTENLPRTENZ,ETIVEW(T) ySECW(L) yISPSEC,SPTEN, SECSP(I) SECSP
50
36 FURMAT(/4A2 yFT 3,217 9F 7 e23F56212F802) 3 T1Fbe23FTe2:F602)
SECSP(I) = SECSPC

COMPUTE TTIME WWAVE, TIME ARRIVAL,RANGE(WWAVEL) (WWAVEZ),
SHOT IWSTANT TC PIP IN ETINME,CELTA/RECV,2 FCR WWAVE 1,2 IN
ETIME 3 52085, 2ANGE It [NCHES FOR SCALES 1,2

'lTIlF
AQT[I

WL )+SECSPLI)
CRII)+SECSPLD)
IME( D) &*WVELL
IME(L)*HVEL2
SP(I)/CQLIb(I)

Z Z W
= Z mm
o

o —
wowollou o

v
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CELTA/YVEL IM S:C5

(@]

RTIMLIL(I})=RANGELILIL)/REDVL

RTIMIZ2(I)=RANGELI(I) /REDV2
RTIM21(I)=RANCE2(I)/REDV1

%TIN 2(I)=RANGE2(I)/REDV2

REDTIM(L) = ARTIVE(I)-RTINMLLI(I)

CeELTA/VEL IN ETIME

ERTLL(I)=RTIMIILD)/CALIB(I)
LRT12(1)=RTIM12(I)/(ALIB(I)
ERT2L(TD)=RTIN21I(I)/CALIB(I)
MKT22([)=°TIN 200y /CALIBCL)

AANGES 142 SCALEC 4 TIMES

VIC LM T =RANGELI(I) /7SCALEL
RIWCIZ(I)=RAHCE1(I)/3CAL¢2
RINCIZ{I)=RANCEL(TI)/SCALER
RTHCLA(T ) =RANGEL (L) /SCALC4
LIHC2L{I)=RANGEZ2(]1) /SCALE]
RINC22(T)=RANCE2(TI)/SCALE?
?IHL’B(I)=R RGE2(1)/SCALE3
In(’G(I)—RA“GEZ(I)/SCALE4
IF(Ilh[(—l)4 42442

42 NCARD=]
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[aEaNel

CuTLHT RlUT INES

GRIT={6,137) )
Y37 P mIAT (v ity L0 Xy REDUCED TTINMGY)
wRITE{AZAT)RZCVYY

7

)

27 FORAAT(Y SHIZT N Walve TRAVEL  ARRIVAL TIME RANGEL FRCM RANG
22 FROM S3ele TO PIP SHIP VEL OB TINME DELTA/',F4.2)

T

33 FLCRMAAT(8X! [ME SCCG',&X;' SECS W=¥,F5.3,"' KMS =V F5
€., 3, Kirs IN CTIFZY 9" KVS/HY 56X, "SECS! 42Xy "WVEL="yF5.3)
MRTTIZ(A, 23 )NVEL Ly WVELZyhVELL
SC 1 [=1,NCARL
NAITE (6 43) (ISUCT (D 1) 3 =14 )y WHTIME(D) ARTIME(T),RANGEL(T),RANGEZ
Z{ L) SPETIM(IY,SHIPVIIYN,INR(I)}RECTIN(I)
29Fl2.23F15%a292F1442+17120a2,318,F11.3)

43 FIRMAT (/44
1 CONTIMUE
SRITL (A4S
45 FORMAT(LY, ReDUCT IG5 FACTOR FCR OTRAVEL TINME IN SECSY)
WRITE(H 45 )RECVL,RECV2,R=CVLI,RECV2
46 FORMAT(//7 SHCT NC CELTR/Y yF4 2,3 (0 CELTA/'yF4.2))
47 I:[ni\" T(le taviEL= ',I'»".,B(' WVEL= '9F503))
ARITE (A 4T YHVELL WVELLyWVEL2, WVELZ
L- 2 1=14yNCARL .
AaITELG,A2)LTSHO T, I)vJ 144) ¢RTINMLLICI),RTINIZ(T),RTIM2L(I),RTIM22Z
SN
483 FOCRMAT(/4%2,F1 o2,3F13.2)
2 CONTINUE
WRITE L6y 4G)
49 FLRMAT(rLY,! REEUQIHG FACTDR FOR TRAVEL TIMES IWN ETIMEY)
WRITE(S5446)REDVL yRECY2,RECVLRELCY2
arITE (6117)V\J1.L11V\\/ L.I.,"\\l L2sWVELZ
03 3 I=1,YCARC
HRITF(01+3)(ICHUT(111)9J 134 )sERTILAT)LERTI2(I)2RT2L{I),ERT22(1I)
COMTINUE
WRITE(G,2€)
58 FURMAT(01',3X" RANGES SCALEC TO XKM/ZINCH!")
WRITL(6,E6L)WVELL yWVELZ
€L FORMAT(//Z27TX'RANGEL FROM WVEL = ' ,F5:3,8X,"%',7X,"RANGE2 FRCVN WVCL
1 = '"2,#5.3//) '
WRITE(H,59)SCALEL ,5CALE2,SCALE3,SCALE4,SCALEL,SCALEZ2, SCALE3,5CALE4S
EG FRAMAT(' SCALE CaB(FTa2,'KN/INY))
CT FORMAT(/' SE3T WAY,8(4X, " INCHZS ')
WRITE(S,AT7)
D3 4 1=1,NCARD
RITE(E, 6V (ISHOTUJ 1) 9Jd=144),RINCLL(I)RINCL2(]),RINCI3(I),RINCi4
(L), RLIC2LUI)RINCZ2(T1)4RINC22(T),RINC24(I)
£ FORMAT(/4A2 ;FLl1.2,8(Fl2.2))
S COMTIHUE
WRITE(Sy1E.5)
la FCORMAT('L1)
IF{ITRIG=-1)S,S,12u
9 CanT NG
CALL EXIT
24
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Programme 'DZD!

The distance and azimuth between two geographical co-ordinates are
computed. The key subroutines used to effect the calculations (AZIM and
ANGIE) have been extracted from a progremme of the Decca Navigation Company
and modified to run on the IBM 360/67 series computer.

Latitudes and longitudes are input in degrees according to the convention
that N and E are positive, and S and W negative. The functions of the routines
are described below:

MAIN programme = +this contains input and output routines and manipulates

the data into the required format for the key subroutines and output

routines. The required option on the form of operation of the

programme is set up (see NDFORM under section 'input').

RADEC - subroutine to convert latitude and longitude in degrees, to radians.
NESW - subroutine to convert from the sign convention to 'N', 'E', 'S',

'W' for output. The assignation of these letters is dependent upon the

alphamaric coding of the machine.

RADEG = subroutine to convert radians into degrees, minutes and seconds

for output.

ANGIE - subroutine to compute the distance between a pair of geographical
co-ordinates.

AZIM = subroutine to compute the azimuth between two geographical positions.

The limitation of the programme is that there is no facility for
dealing with the case where oneposition is in the southern hemisphere and the

other in the northern hemisphere.

Input /
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Input

A header card is required on which the first 55 columns may be used for
naming the data. It is followed by a card from which NDFORM is read. This
parameter specifies the form of operation of the programme. The options are:

NDFORM

1 - the distance and azimuth are calculated for each pair

of co=-ordinates.

NDFORM = 2 - the distance and azimuth of each subsequent co-ordinate
are computed with respect to the first one.
. NDFORM = 3 - +the computation is made for co-ordinates 1 and 2,

2 and 3 etc.

When using the option NDFORM = 3 a '3' in columm 80 is required on
the first co-ordinate card.

Geographical co-ordinates are read in as PHI and AL where PHI is the
latitude and AL the longitude in degrees, and the convention for N, E, S or W
is as described previously. The first 16 columms of each card comprise an
alphameric field which may be used for identification. There is a facility
for reading and writing time in hours and minutes which may be left blank if
not required.

The programme is directed either to read a new header or to the end with
a '=2' or '=1', respectively, in colums T9 and 80 of an otherwise blank card
placed behind the last position co—-ordinate.

Further details of the input are given at the head of the programme listing,
Output

Examples of the output for each NDFORM option are given after the programme
listing. The azimuths are given in degrees, minutes, seconds and in radians.
They are in a clockwise sense from geographical north, the bearing being that of

the second co-ordinate from the first.
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Flow diagram of 'DZD!

> Input header

Test NDFORM
1. 2 3

Input, outp{{t and change
format of first position

v
e Iinput position 44—l

v
Test for new header,
end or continue

Test NDFORM

r 2 3
Assign lats and longs to
arrays appropriate to optian

Subroutine ANGIE L >
Subroutine AZIM £ >
Subroutine RADEG < >

A\
Test NDFORM

1 2 3

e

Appropriate output routine.




\ DZD LISTING
G LEVEL 18 MATH DATE = 7148 22/59/11

ROLTINE CGNPUTES DISTANGE ANC AZIMUTF BETWEEN TWO GEDG COORDS
AZIMLTH IS ZND CCORD FRCM 1ST = CLCCKWISE FRCM GECG NCRTF

OK IM HORTH/SOUTH MEMISPHERES BUT WILL MOT CROSS EQUATCR
INPUT IN CEGREES - SCUTH 8 WEST NECGATIVE

NDFORM = 1 PAIRS OF CCCRDS GIST & AZIN CCNMP FOR EACF PAIR

2 LIST OF COORDS ALL SUBSEGQLENT CNES ARE REF TC 1ST
3 LIST CIST & AZIM COMP 2 FROM 1,3 FROM 2 ETCe

FOR NDFORM = 3 REQUo 3 IN CCL. 80 CF 1ST CARC WITH CCORCS.
EeGo UF FORMAT ,

FEADER CARC (55 ALPHAMERIC CCLS)

NDF QRN (I1)

ALPHA HOLR MIN LAT LCNG (8A2, 12 4F5 01 420X 4F9 oy F1850)
ARRAY DF ABOVE DATA

-2 (COL 79,80 ND3)
-2 IN CUOL 76,80 SENDS TG NEw HEACER, =1 STCPS RUN
TIME IS ONLY PRINTED OUT AND MAY BE LEFT BLANK
INPLICIT REAL*8(A-H,0-2)
DINENSICN ALFHI(8)
COMMON ALESGRD,AJ
ESGRD = (D66 TH540 -
A = 6378157 .5
Ad = le("/(lo'\:-ESQRD)
3 READ(5,57)
57 FORMAT (S55H NAME OF CATA 55 COLS. AVAILABLE )
WRITE(6,2240)
220 FORMAT('1t)
WRITE(6,57)
REAC (5 2,58 )NCFCRW
58 FURMAT(I11)
WRITE(E, LEIESQRDAZAY

OO OO OO

15 FUORMAT (/' EARTH PARAMETERS = ESQRD = '4Fl2.9,' A = ',F1C.2,
1' Ad = ',F]Zog/)
.I=".‘

IF(NDFORM=2)T71472,72
73 WRITE(6,83) .
€3 FORMAT(* DISTSe & AZINS, CCNPUTEC BETWEEN EACE PAIR COF CCCRCS -
62 FROM 1, 3 FROM Z ETC.'/)
GC To 71
72 READ(5424) ALPHTHCUR yFNIN,PHI AL
24 FORMAT(8A2,12,F5e5417XsF126%,F18a0)
CALL RACEC(PHI,AL,PHIA, ALAMA)
CALL NESHWIPHIA,ALAMA,LAA,LOA)
PDUM=PHIA
ADUM=AL AMA
CALL RACEG(PHIA,LAD,LAM,SLA)
CALL RADEG(ALAMA,LGC,LOM,SLO)
PHIA=PDLUNM
AL AM A= ADUM
WRITE(6923)ALPHyLADy LAM, SLA,LAA,LOD,LOM,SLO,LOA, IHQUR,FMIN
23 FORMAT(' CCCRC FRCM WHICK CISTS &8 AZINS OF CTEERS ARE COMPUTED*// °
58A2,213,F7a2+1X9A1y3X92I134FTa291XsAL 44X, TINE = *,12,F5,0/)
GC TU 241 '
201 PHIAL FHIA
ALAM1 = ALANA
71 WRITE(E, 16€) .
16 FCRMAT (27X, ' INPUT *, 36X, *OUTPUT ", /20X, *LATITUDE '3 8X, '"LONGI TUDE*S5X,?
EDIST (KNMS)? ,4X," AZIMUTH® J11X*AZRAC'/64X,'CEG MIN SEC?; 6Xy "RADIANS®
75Xy 'TIME 1)

O e P e e i e i wun L CHLREL . e ——— e



G LEVEL 18 MAIN DATE = 71C48 22/59/11

€N I=1+1
DO 2 J = 1,42
READ (5, L YALPH, T FOUR, FMIMN,PHI AL ,ND2
1) FNRVAT(RA2 312 43F5000 17Xy F12.003F18.048X,12)
CALL RADEC{PHI ,AL,PHIA;ALANA)
CALL MESW(PFIA,ALAMALAALDA)
PCUM=PHIA
ADUM=ALANA
[FCADN3+1)3,1,451
51 CALL RADEG(PHIA,LAD,LAM,SLA)
CALL RACEG(ALAMA,LLUDC,LONM,SLO)
PHIA=PDLNM
ALAMA=ADUM
[FINDFURM=3)21,112,112
112 IF(ND3=-3)121,21,21
21 WRITE(6942)ALPHyLADyLAMsSLALAA,LCCHyLCNM4SLCyLCAITHCUR,FNMIN
42 FUORMAT (BA2,4X,12,13,F841y1X, A114X I2,13sF5.141XyA1, 44X ,124F5.0)
121 CONTINUE i}
GO TO 24
212 1F(MDIFQRM=2)€1,62,63
62 PHIA2 = PEIA
ALAMZ = ALANMA
. GO TO 141
63 IF(ND3-3)65,6¢;,66

66 PHIAZ2 = PHIA
ALAM2 = ALANA
CO TO 69

65 PHIAL = PFHIA2
ALAML = ALANZ
PHIA2 = PHIA '
ALAM2 = ALAMA
GO TO 10

€l TF(J=-1)11,11,12
11 PHIA L= PHIA

ALAM1 = ALAMA
GC TO 2

12 PHIA2 = PHIA
ALAMZ2 = ALAMA

2 CONTINUE
101 CALL ANGIE(PFHIAY 4ALAN)Y,PHIAZ,ALAM2,BL INE)
CALL AZIMIPHIAL,ALAML,,PHIA2,ALAN2,A2)
CALL RADEG(AZ,IDEGy IMIN4ASEC)
BLINE = RLINE #0,001
IF(NDFORM=2)122,123,122
123 WRITE(6y125)BL INE,IDEG,IMIN,ASEC ,AZ
135 FC‘RMAT(' +1 ,49)(, Fl('.-j' 4)(; 14' I3|F4.("F13.5)
GO T0 67
122 WRITE( €6y 2E)DLINE,IDEG,IMIN,ASEC yAZ
35 FURMAT(QQX,FlHaB:QX,I41131F4.C,F14°5)
IF(NDFCRN=3)60,124,124
124 WRITE(642S)ALPH,LAD LAV, SLAZLAA,LOCLCVMySLCHyLCA,IFCUR,FVIN
39 FORMAT(B8A2,4X,12913)F5e141X9A194%X412:13:F561+1XyA1,44X4124F5, 0)
GO TO 60
1 CONTINUE
END

T e e R i il ot e e R e e



6 LEVEL 18 ANGIE DATE = 71044

SUBROUTINE ANGIE(ALAT ALONyBLAT BLCNGCIST)
C SUBROUTINE TO FIND DISTANCES OVER 5€0 MILES

IMPLICIT REAL*B(A-Hy,0-2)
COMMON ALESCRDyAJ
EQUIVALENCE (BLIToP)(TP1,BETAL) o{(TP2,BETA2)
BLIT=A%DSQRT(1.,=ESQRD)
TPL=DSIN(ALAT)/DCOS({ALAT)
TP2=DSIN(BLAT) /DCOS{BLAT)
BOIVA=BLIT/A _
BETAL=DATAN(BDIVA*TP1) .
BETA2=DATAN(BDIV A%TP2)
SB1=DSIN(BETAl)
SB2=DSIN(BETA2)
COSX= SBI*SBZ*DCUS(BETAI’*DCUS(BETAZ)‘DCUS(ALUN’BLUN,
SINX=DSQRT{(1.-COSX*COSX)
X=DATAN(SINX/COSX)
PQ=({A=BLIT)*0 25

— P=PQE((X-SINX) /(1.+C0SX))
Q=PQ*((X+SINX)/{1l.-COSX))
DIST=A*X~P#(SB14SB2) #%2=Q%{SB1=SB2)*%2
RETURN
END

G LEVEL 18 ALIM DATE = 71044

SUBROUTINE AZIM(PHIL,ALMD1,PHI2, ALMD2,AZRAD)
IMPLICIT REAL*8(A-H,0-2)

POSITIONSe INPUT AND QUTPUT IN RACIANS.

OO

COMMON A,ESQR,AJ

PSDC1=DSIN(PHI1)/DCOS(PHI1)

PsSDC2= DSIN(PHIZ)/DCOS(PHIZ)

DIFA=ALMD2-ALMD1

IF(DABS (CIFA)-3, 141592654)109p1099101
101 DIFA=DIFA-6.283185307*DABS(DIFA)/CIFA

01722757

01722757

SUBROUTINE AZIM. TG‘CALCULATE AZIMUTH BETWEEN TWO GEOGRAPHICAL

109 COTAZ=DSIN(PHIL)*{(1.0/(AJ*PSDC1))*PSDC2+{ESQR/DSCRT (AJ+PSDC1%%2))

1*DSQRT (AJ+PSCC2*PSDC2)-DCOS(DIFA))/DSIN(DIFA)
SINAZ=1.0/DSQRT{1.0+COTAZ*COTAZ)
IF(DIFA}1,10,2
1 SINAZ=-S INAZ
2 COSAZ=COTAZ*SINAZ
AZRAD=DATAN(SINAZ/COSAZ)
IF(COSAZ)2,4,44
AZRAD=AZRALC+3.14159265%
IF(AZRAD)S5,6,6
AZRAD=6,283185307¢+AZRAD
GO TO &
10 IF(PHIl1~- PHlZ)llpll!lZ
11 AZRAD=0.0
GO TO 6 .
12 AZRAD=3.,141592654
6 RETURN
END

v e



G LEVEL

c

18 RADEC CATE = 71044

SUBROUTINE RADEC {PHI ;AL ,RADP,RADA)
IMPLICIT REAL*8(A-H,0~2)

SUBRQUTINE TO CONVERT LAT AND LON IN DECIMALS TO RADIANS

G LEVEL

106

105

110

111
109

6 LEVEL

SO0

621

€22
623
721

722
723

CONST = 206264.8063° .
SEC = PHI*FLOAT(3600)

RADP = SEC/CONST

SEC = AL*FLOAT(3600)

RADA = SEC/CONST

RETURN

END

18 RADEG DATE = 71044

SUBROUTINE RADEG(RAD,IDl, IM1,AS1)
IMPLICIT REAL*8(A~H,0-1)
SUBROUT INE TO CONVERT RADIANS TO--DEGREES-MINS AND SECS.

IF (RAD=-0.)1065105,105
RAD=-RAD
ASECS=RAD#206264.8064
IMIN=ASECS/60 40

ASEC S=ASECS-FLOAT(IMIN) #6050
IDEG= IMIN/6C
IMIN=IMIN=ICEG*60
IF(ASECS-59,9995)109,110,110
IMIN=IMIN#1

ASECS=0.0
IF(IMIN-601109,111,111
IDEG=IDEG+1

IMIN=0

1D1=1DEG

IM1=IMIN

AS1=ASECS

RETURN

'END

18 NESH DATE = 71044

SUBROUTINE NESW(PHIA,ALAMAoLAA,LOA)
IMPLICIT REAL*8(A-H,0~1)

SUBROUTINE TO SET LAT N/S AND LONG E/W

IF(PHIA-Q.)€219622,622
LAA=-499105728

GO TO 623
LAA==717209536
IF(ALAMA~Q,) 1721, 722,722
LOA==431996864

GO TO 723
LOA=-985€44592

CONT INUE

RETURN

END

01/722/57

01/722/57

01/22/57
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Programme 'TIT!

The programme computes the horizontally-layered model for wvelocities
and time intercepts obtained from the travel-time graph (according to the
standard formuls given in Chapter 2). In marine work the thickness of
the first layer (the water) is usually known. This value is read in and
layer thicknesses are calculated for the given sea depth, and for the depth
computed from the parameters of the wnderlying layer. This enables the
effect of incompatibility between the two depths to be examined.

Input

A header card is required on which colums 2 to 51 are used

for an alphmaric field, naming the data. The general parameters

required are the number of layers (NOLAY), which is more precisely

defined by the number of refractors plus one, and the known sea depth

(Z(1)) This is followed by an array of the observed velocities

(V(I))and time intercepts (TI(I)), commencing with the velocity of

the sea water.

After computing a model the programme re-cycles for s new set

of data, including a new header card. If a '1' is found in column 1

of this card (ISTOP) the run is terminated.

The format at the input is given at the head of the programme
listing.

Output

The input data is given together with the corresponding layer

thicknesses (see sample output following the programme listing).



Flow diagram of 'TIT!
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Input header

|

Test for ISTOP = 1

or ISTOP = O

l

Input datae

Compute Z (1)

Compute Z (N = 1)
where N = 3 to NOLAY

Test for Z(1) given
or Z(1) computed

Output routine for

Z (1) given

OQutput routine for
Z(1) computed

Programme ends €



TIT LISTING

vV G LEVEL 19 FAT N CATE = 71449 22/55/59
C PRAGI W T COMPUTE LAYSZR THICKIIE SSES FROM VELS & INTERCEPTS
C MC LIMIT Ch NCo CF LAY ZRS '

C Twld CALC: MADE - FCR GIvze Z(1) & CALC Z2(1)

C LAY = 0. OF REFRACTORS+1, Z(1)= DEPTH OF LAYER 1
C VDY, TI(D) ARE VELOCITY AnO [HNTERCEPT FOR LAYER I

C RETULHRNS FNR MEW HeADER UNLESS '1' IN CCL Y AFTER CATA
C FORMAT -

C HEACER CARC : (CJLS 2-5%1 FOR NAME)

c HCLAY Z(1) {I5,Fb6 1)

c viry TI(I) (2F 17 1)

C ARRAY OF AQOVE

C [STCP (I1)

C .

DIMENSION VE20) ,TI2 %) 52027 yDETIN(22,20),TATCT{(21)

9 READ(S, 1.1)ISTOP

1.3 FGRMAT(I1,50k MODEL NAME . )
WRITE(H,494)

G4 FORMAT/ /" st k4 sk sk ool s sl sl dlosfesle sieolesiole e e sk ot siesiokokskslokalok 1/ /)
WRITE(6,11)ISTOP.
IF(ISTOP=-1)15,16,16

15 CORTINUE '

REACAS 4 )H0LAY, 2 (1)
4 FORMAT(IS,F5.7)
READ( 5, 1ICVH) , TI(N) oN=1,NOLAY)
FORMAT (2F1) e 1)
J = L
L0 TO 6
Z{1)=TI(z2)xv(2)4V{1) %o 5/0 SERTIV(2)%k2,=V (1) %%2,))
6 CONTINUE :

T e

~

D0 3 N=3,NOLAY

DT = 1.

MR = =2

LT 2 =1 ,NM¥V

DETIMUN M) =232 (M) (SQRT(VIN)I®%2,=V(N)*%24) )/ (VIN)XV(M))

BT = DT + DETIMIN, M) '
2 CONTINUE
TOTDTIN) = DT
ZON=1)={TIIMN)=TOTDTINY ) #VIN)*VIN=1)%Ge 5/SCRTIVIN)#%2 s =V(IN=1 ) %%2 )
CeHY LAME

W

Z{MNOLAY) =1,
IF(J=1)11,12,12
11 WRITE(6,13)
13 FORMAT(//Y £{1) DEPTH CF WATER IS GIVEN')
G TO 28
12 WRITE(&,14)
14 FORMAT(//' Z(1) CEPTH OF WATER IS CALC FRGM 1ST INTERCEPT")
21 WRITE( G, E)MCLAY, (1) .
8 FORMAT (/7' NHOLAY = '3 15/¢ GEPTH OF WATER = '",F8.3,' KMS'/7' INTERC
52PT  VEL  THICKNESS /! SECS KM/ S KMS*'/)
WRITE(H6,5Y (TIIN) sVIN) sZ(N) 4N=1L,NCLAY)
5 FORMAT(3FB.3)
J=J+]
IF(J-1)3,7,5
16 COMNTINUE

NG



et fegtetetotod ko At dealolololob ok X ol Rk ok b ok

LIME G 3DEC 77
Z{1) DEPTH OF WATER IS GIVEH
NCLAY = 4

DEPTH CF WATER = 2200 KMS

INTERCEPT  VEL  THICKHESS
SECS KM/S KMS

Wyl 1
2.520 3
4hell d 6
4,520 7

Z(1) CEPTF OF WATER I5 CALC FROM L1ST IMTERCEPT

NOLAY = 4
CEPTH CF WATER

21710 KMS

INTFRCEPT  VEL  THICKRHESS
5¢CS KM/S KIS

Vot 1480 2.1t
24520 3.220L 2.6€93
4,21 6,410 1,872
4,520 Tl el

o ofr ¥ ok o} o% 3} ol of ol ob ohr ol ol e b ok ol o ok ok e sk onle e oo o sk sl sk e e e siele



-‘]13—

Programme 'TIS'

The horizontally-layered model is computed from the parameters of
the travel-time graph, as in programme 'TIT'. Standard errors on the
thicknesses of layers and depths to boundaries are computed from the
standard errors on the velocities and time-~intercepts, obtained from

least squares fitting of straight lines to the time-distance data.
The standard error, S, on a quantity F(p.q, = - =), where p,q, = = -
have standard errors Sp, Sq, = - -, is given by:

5% = (ar/2p)? + (a7/20)% 8 + - - -
D

Differentiation of the 'horizontal-layer' formula is necessary. This
operation is effected by numerical methods for the velocity and time—intercept
parameters end by analytical methods for the thicknesses of overlying layers.

Input

Columns 2 to 80 are used for naming the data on a headér card.

The general parameters required are the number of layers (NOLAY), the

known sea depth (ZG), which is printed out as a check on the computed

sea depth, and the estimated standard error on the sea depth (AZ(1)).
The data required from each segment of the travel-time graph

are the time intercept (TI) and velocity (V), together with their

respective standard errors (ATI and AV).

As with the programme 'TIT' the programme recycles for a new header
and is terminated by a '1' in column 1 on this card.

Output

The input data is printed together with the thicknesses of layers,
depths to boundaries and their respective standard errors. An example

of the output is given after the programme listing.
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!
Flow diagram of 'TIS'

Input header

Test for ISTOP = 1| ——— > END
or ISTOP = 0
Store AV, ATI < Input data Add DX to V and

alternately = — TI a.lterna.tel;c\ﬁ_"'
in array A(K)
&

Store mean values . 9 Computation of all
of Z(N) in array thicknesses (Z(N))

—ZM(N) l
Store values of Z(N) , Test last TI
for adjusted V and Yes No —
TI in array ZMO(N,K) J/
Test DX < O
Compute partial € Yes No
differentials of \l,
horizontal-layer Transfer ZMO to
formula using ZM1 and set
arrays ZMO, ZMI1 DX ="DX
v
Sum of squares of Compute components of
components of the standard ———— standard errors due to
errors for partial errors in thicknesses of
di fferentials w.r.t. all overlying layers
V and TT
v v
Combine thicknesses Combine components to give
to give depth and SE standard error on thickness

on depth to each boundary

v

? Output routine

New header



TIS LISTING

C LEVEL 1% MALN CATE = 71¢332 22712723

sNeXsEalsEeEakeaNeXaktEe]

[aNeaNe!

aXale)

TC CCMPLTE LAYER THICKNESSES & ScS FRCM VELS &8 [INTERCEPTS
I8TCP EMNDS RUN WRICE CTHERWISE CYCLES TC NEW MCTEL
NCLAY = NG, CF REFRACTORSE + 1,4G = GIVEM SEA CEPTH (NCT USEC)

A2{1) IS GIVEN ERRGR 1IN SEA CEPTF i
TI = INTCRCEFT TIME ATI = SE CN TI

Vv = VOLOCITY AV = SE LN V

FCRNMAT )

ISTCP  NCUEL NANE ([1,79CCLS FCR NAME) I1STCP=0

NCLAY LGy AL (I5,2F5.0)

TIsATI VAV (4F &,

ARRAY CF ARBCVE CESERVATIONS

I57CP (11) . ISTGP=1 STCPS RUN

D[NL SICN VUZl) o TE(27) ,2025) 2CETIN(2C,20),TCTLT (201)
CIVENSICN ZNG(Z. 040 ) 9 IMLI02 447 )9IN(2C)AZ(2C) ,ATI(2.) 0AV(2))
DIVYENSICN Cd(23),8C(20),A(40),A22(20)
G READ(E,10)ISTCP
17 FURMAT(IL, 7S+ MODEL NAME

WRITE(&,1C)ISTCP
IF(ISTOP-1)15,1¢
15 CCNTIRUE

READ{S,4)NCLAY2G,AZ(1)
4 FORMAT(IS,ZFE.70)

REACHAS L I(TIIN) JATI(N),VIN)AVIN) ¢ N=1,NOLAY)
1 FORMAT(4FELC)

FUT BV,ATI IN ARRAY "A(K) ALTERNATELY

A(K)=ATI(N)
K=K+1

53 CCNTINUE
AINSL=C,
ACHSQ=1,.
K=1
DX'-'.) rAll
k=1
IC=1
GC Tg 51

ROULTIME TO ACJLST V,TI ALTERNATELY BY CX (THE SE)

52 V(IK)=V(IK)+LX
IF(IK-1)148,4€,49
45 TI(IK=1)=TI(IK=1)=-DX
48 1C=3
GC TC 51
54 TI(IK)=TL(IK)+DX
[C=2
VIiK)=V{IK)=CX
GG TO 51 .

RCUTINE TC CCMPUTE ALL Z(N)



G LEVEL & MAIRN CATE = 71333 22/12/23

&1 CONTINLE
ZUL)=TI(Z212Vv{2)3V 1) # .5/ (EQRTIVIZ)I¥¥Z~=V(1)**z2,))

ty

e
"

(39}
-
rd
[}
—
>

Y

2 NME1 NNV

CT=CT+CETIM(N 4M)
2 CCNTINUE
TCTCT () =CT
LOH=1)Y=(TTA(N}=TCTICTIN) ) =VAN)HVIN-1)%HSS/SCRT(V(MN)#*2 . ~V(N=-1)2%2,)
3 COHTINUE
ZURCLAY )=G,

ROUTTINE SETS MEAN VALUES IN ARRAY ZNM(N);VALUES FCR CMNE ACJUSTEL
FARANETER IN ARRAY IMu(M,.K)

OO0

GC TO(EC,614€1),IC
&) CC €5 HN=1,NCLAY
IMIN)=L(N)
65 CLCRTINUE
[C=2
CC TC 52
61 CC 66 N=1
):

¢€& CUNTINUE

K=K+1 '

€C TC(6.,62,54),1IC,
€2 [K=IK+1

NCZ=2AN0LAY

IF{IK-NCLAY 52,524,067
€7 TI(IK=-1)=TI(IK-1)}~-CX

RCLTIME TRANSFERS ZNT(N,K) TC ZNM1(N,K),SET OX=-0X QRECYCLES

OO

IF(DX~Ca)E5,55,56
cE IK=1

[C=2

Cx=-LX

DO G4 K=1,NC2

CC 62 N=1,NCLAY

INLAINsK)=2INC (NyK)
63 CCNTINLE
€4 CONTINLE

K=1

CC TC 52

C RCULTINE T PRCELLCE AZ (SE) FCR EACE LAYER CUE TC VARIANS. IN TI,V

£5 CCONTINUL
DX = -DX
DC 11 N=z,NCLAY
AZNSQ=7.
CC 72 K=1,NC2
CZ2CX=(ZMI(NyK)=ZNFO(N,K) )/ (24%0X)
AZNSQ=(CZCXx#22) % (A(K)*&X2)+ALNSC
72 CONTINUE

. - . e e me e e —



V

LEVEL

71

aNaNe!

az

£l

e NeNe]

1C2

C
¢ Cu
C

8

AN

16

ig "MALN

Azl =AINSCQ
CONT IRUE

£C 81 N=2,NCLAY
AINSG=
Vi =H=-2

& it -

CC &2 IX=14NMWM

CATE = 71C22 22/12723

RCLTINE T1C CCMFULTE CCMPCNENT CF A2 CLE TC SC CN ZS GF FIGHER LAYERS

C20X = (SGRT(VIN)IH*¥2 =V IX)I¥HZ)IVINIAVIN=1))/(VINIEVIIX)*(SQRT(VI(N
) =%2=-v(N=-1)%%2))) ‘

AZWSEG =(CLZCx#%Z)*(AZ{IX)**x2)+BINSC

CwT INUE
AZIN=-1)=SCRT(AINSG+2AZZ(N-1))
CONMTINLE

RCUTIME TC CCMPUTC CEPTH ERRCRS

HAGM=NCLAY-1
EM(l)=2ZM(1)

CC 1:1 n=1,ACWVM

ACNSEG =0
DVM(N+1)=LM(N+1)+DNM(N)
CC 112 IN=1,N
ACNSG=AZ(IN)#*%24+ACNSC
CONTINUE
AC(N)=SQRT{ACNSQ)
CCNTINUE
AC(NOLAY)
CVM(NQLAY)

.
¢
~
-

TPLT RCUTINE

WRITE(EyEINCLAY, LG

FCAVATA(//* NCLAY = ¢

ZEFT  SE INT VEL SE VEL THICKNESS
4 SEC SEC KM/ S KM7E
51/7)

SE THICK
Kv

»I5/% CEPTE CF WATER = ',F3.3," KM '//% INTERC

CEPTE SE GEPTH'/!
KM KW KM

KRITE(C,S)(Ti(N)1ATI(N)IV(N))AV(N))ZM(N),AL(N)yDM(N)1AD(N)'N=11NGL

€AY)

FU'\,"’-AT(FEOZIFC—CZ,F?.Z'F?-E'ZFICGZ’ZFCAOZ)

WRITE(O6,70)

C2 FCRNMAT(Z247277)

50 T0 §
CONT INUE
LEAC



LINE 2 CBS VALLES WITH 2.0 ULFPER LAYER EJAMN

NCLAY = -5

CEPTE CF WATER = (.14 KM

INTERCEPT SE INT VEL 5C VEL TFHICKNESS SE THICK CEPTR SE .DEPTH
SEC SEC KNM/S KM/S Kv KN K¥ KN
'x_.is:.} ‘aﬁ 1.48 5-50-..!'-.}5 '-olJ -.3..,2 "-::e 1: 203-3
el S tei,3 2.0 el .55 .11 €5 0.1l
Le. ‘;"-“7 2059 -7.{:95 .36 \2045 2.,1 Jo46
1414 i1aJH be62 lolul 4,32 ' 1o €.32 1.16
e 1€ 1.{8 575 iq 384 AN e el O.u

LINE B CBS VALUES WITH 2,3 LPPER LAYER &€JAN

NCGLAY = 5 :

CEPTF CF WATER = C,140 KM

INTERCEPT SE INT VEL SE VEL TFICKNESS St WrHICK TLCEPTF SE CEPTE
SEC SEC KNMZS KM/ S KN KW KWV KNV
el (Y le48 33,305 tie 1t CTeul vell Te.3
C.C¢ g. 3 Z2.5C Cal (.63 C.008 .72 0.9
tra82 a2 2.6G5 T,.3¢C 1.79 sl 2052 (.18
1.8 Veid3 44851 G4 4,716 eG4 €. e CE
2.9& Golg eolc 'J-lc,c Cl': Ca0QC 00‘:: 0.GC

LINE A MEAN VALUES wITH 2.7 UPPER LAYER EJAN

NCLAY = 5

CEFTH CF wATER = = .14 KM

INTERCEPT SE INT VEL SE VEL TFICKNESS SE TKICK CEPTF SE CEPTH -
SEC SEC KM/ S KM/ S KV KWV Ky KW
e el l.48 e iuS Hell) . 0,10 Neu3
:l':g 00‘23 20‘;": t.'-.: Uat7 o:e l;oé? .)0)8
"L 5€ a3 314 1,157 .G E . ¢ 1.€2 {e27
ltl‘. '\-lo’he 4.71 :'|»>'5‘} /1011:3 -ffl 60[1 :9&5
2+ 2¢ G.CE .68 2,.1(C T e o) ! el e
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Programme 'DIP'

The formulae given by Mota (195L4) are programmed to enable a dipping
layer solution to be obtained from the apparent velocities and time intercepts
of the travel-time graph for a reversed seismic refraction profile.

The following assumptions are made:

1. The plane used for calculation is the refraction plane common to the
refractors, so that Fermat's principle in general and Snell's law in
particular can be applied within this plane. This is correct only if
the layers are all orientated normal to the refraction profile, but in
practice, for small angles of dip, the assumption may be applied without
common orientation of the layers.

2. The true velocities are constant withih each layer and increase
discontinuously with depth at the boundaries.

3. The refracting boundary along which energy travels is plane and
continuous from one end of the profile to the other.

The convention for angles is that for a left-handrside origin, angles
from the horizontal upward and to the left are tsken as positive; those upward
and to the right as negative.

A solution is obtained using the two apparent velocities for each segment,
VK and VL, together with the time intercepts for the VK segments - KINT. The
programme re-cycles and obtains a second solution using the time intercepts for
the VL segments - LINT,

Input

The number of models to be run is entered (NOMOD), followed by a
header card on which 80 columns are available for naming the data. The
number of refractors, NMAX, and the true velocity of thé first layer,

Vv(1), are required. The reversed travel—time graph data is entered

in the form KINT, VK, VL, for the second and subsequent layers, followed /
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followed by LINT, VL, VK for these layers. The programme re-—cycles
for a new header card until the specified number of models is computed.
Further details of the input format are given at the head of the

programme listing.

Output

The input data is given together with the computed true velocity
and vertical thickness of each layer, and the depth and dip of each
refractor. The thicknesses and depths are given below the end K, of
the profile for the first cycle and below L for the second cycle. The
convention for the sign of the angle of dip applies for a left-hand-side
origin in each case.

Sample output is given after the programme listing.

Notation used in the programme and flow diagram

The following parameters are those required:

Uu(N) - the dip of the Nth refractor,

V(N+1) = the velocity of the (N+1)th layer,

HS(N) =~ the vertical depth to the Nth refractor,
HSTH(N) - +the vertical thickness of the Nth layer.

At an intermediate stage the following are computed:
A(N,1), B(N,I), ¢ (N,I), D(N,I) - angles associated with rays
to the Nth refractor in the Ith layer,

7ZS(N,I) ~ a component of the thickness of the Ith layer.
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Flow diagram of 'DIP'

Input no. of models
> Input header, NMAX, V(1)
Input travel-time data

/4

Compute parameters of first refractor

Test for NMAX >1 or NMAX = 1

J

N=2

Increment N-Compute angles of form A(N,I)
A

Test N >2 or N = 2

Compute angles of form A(N,I) to A(N,N-1)

Combine angles to give U(N), V(N+1) |

Test N > 3 or N <3

rd

&

Compute ZS (N, 2)

¥

Test N > 3orN =3

Compute ZS (N,I) for 2 <I < N

Conbine computed ZS, angles and
parameters of higher layers to give HS(N)e—

Compute HSTH (N)

J

Convert U(N) from radians to degrees

J

> Qutput routinec¢

!

END




DIP LISTING i

IV ¢ LEVEL 18 MAIN CATE = 71{33 22714/ 44
C TC CCMPUTC FARANMETERS (F CIPPINC LAYERS FRUM APPARENT VELOCITIES
C AND TIME InNTERCEFTS FRCNM 2 RLVERSEL FFRCFILE
C ANY §C. OF LAYERS
C K ANC L LAREL THE ENCS OF TEh: PROFILE
C NCMCD=NC. CF MCCELS TC BE RUN
C MMAX= NO, CF REFRACTCRS .

C V(1)= TRUE VvELCCITY CF ULPPER LAYER

C KINT= INTERCEFT CF SECMENT FCR APPARENT VELOCITY VK
C LINT= INTERCEFT CF SECMENT FCR AFFARENT VELCCITY VL
L FCRNAT -

C NCNMCE (12)

C HEACER CARC (80 COLS FOR NAVME)
C NMAY V(1) . (I3 ,F11:00)

C KINT ¥K(I) VLT {2F €. 1)

C ARRAY CF ABCVE CATA

C LINT VvL(I) VvK(I) - (3F8.0)

C ARRAY OF AEGVE CATA

C

OO O

C

DIVENSICN V(20),SINT{20),VK{20),VL(20),U(20)3HS(2C)HSTH(2ZC)
DIVENSICN Al2027)9B(28,28),C(25,20)45,0(20,20),25(2:1,20)

MCCEL HEACING 2
ETC.
LR X R
LEAL (5,1
151 FCRIMAT (I
DC 1L N
RF}\D _’E
23 FCRMAT (8 . OUTPUT READING ON FIRST DATA CARD
1 )
WRITE(E,152) :
153 FCRNMAT('1Y)
WRITE(6453)
WRITELELTC)
15 FORMAT(/7? CATA INPLTY)
WRITE(6,71)
71 FCRNAT(Z2/? NCo REFRACTCRS (NNZX) VEL. LAYER 1 (V(1) KM/S*)
REAG{S,S1INMAX, V(1)
51 FCRMAT(IZ2 yF148 0%}
MRITE(6.72)APAX1V(I)
72 FORNMAT( /11€,F2€.2)
£LC 112 LINER=1,2
IfF (LINER -1)41,41,42
41 WRITE(€E,72)
72 FORMAT(/! TIME INTERCEPT AFF VEL FRCNM K AFP VEL FRCN LY)
WRITE(6,173)
172 FCRMAT( 1V (KINT,SECS) . (KN/S) (KM/S)'/)
GG Tu 43
42 WRITC(6,E0) :
87 FCRNVMAT(/ /! REVERSE PRCFILE INPUT ')
WRITE(E,TC) '
79 FORMAT (/! TINME INTERCEPT AFP VEL FRCM L AFP VEL FR(CNM K?')
WRITE(G,179) .
FORMAT( ! {LINT,SECS) (KN/S) (KM/S)*/)
CONTINUE

1

(S IRV

1
4

C Hdsdon

DC 1 T=1,NVAX

e e e Y ey —— e e
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¢ LEVEL 18 ' VAL CATE = 71€

aXeNe)

e XeNe

(g

[aNeXe]

[S¥]
(XS]

22/714/4.1

J=l+1
REABLEZB5ZYSINT (L) ,VK(J) VL (Jd)
52 FURMAT(3FE,.L)
WRITE(6,74)SINT (1) VK{J),VL(J)
74 FORMAT(EXyFEa292FL1T74.2)
1 CONTINUE

A el
CASE FIR N=1
AllpL)=(ARCCSI1=22((V(1)/VK{2))4%Z))+ARCOS(1=2%( (N (1)/VL(2))»%2)))
G/4.
B{ls,1)=8(1,1)
Ul1)={ARCCS(1-2%({V{1)/VL(2))%*%2))=ARCCS(1=2%((V(1)/VK(2))%%2)))/4

S,
VI2)=V(1)/SIN(A(L1,1))
L£S(11)={V(IIHSINT(LI))/Z(2HCCS(A(L,1)))
ES{L)=25(1,1)/C83(u(1))

CASE FCR N GREATER THAN 1

[F (NMAX=1)1,22,24
%ok bk ol ko
24 CONTINLE

DC 2 N=zyNMAX

NP=N+1 '

N¥=N=1 )

AN LYY= ARCCS{L=-2%((VILY/VLINF) )} #*22)))/2.~-U (1)

’(u.‘) {ARCCSE( L=t (N(Z)/VIL))HSIN(A(N, L)) ) %X%2))) /2,
BINsL)=(ARCCS(1-2#((VIL)/VKINP))ZA42))}}/2.+U(1)

D(h V)= (ARCCS(1=2%( ((N(2)/VIL))I*SIN(E(N,1)))%%2)))/2.

LCUP CALCS. CINNM)Y & UN4oNM)

IF (N=2)1,26€,25
LR AR RS
25 CCNTINUE
CC 4 1=2 4NV
J=1+1
K=1-1
ANy [)=C(NyKI=U(T}4+U(K)
CUN I )=(ARCCS(1=-2%(((V{J)I/VIIIIFSIN(A(N,I))I%*H*2)))/2.
B{M,I)=C{N,K)+L([)-L{K)
LNy TY={ARCCS(L1~-24((V{JI/VIIY)XSINI(BIN,I)))**2)))/2.
4 CCNTINUE
W oAk

26 A(NyN)I=(CIN,NVM)+T(N,HM))/2,
UCR)=(CINyNNM)=C(N,NM))I/2.4U(NM)
VIHP)Y=VIN) Z7SINCA(N,N))
ZS(N,l)—ZS(],l)
IF (K=3)21,22,22
el LC(P12)-ZQ(ANy?)+Zu(1,l)*(TAA(A(hF,L)) “TANCAIN, 1)) )%SIN(U(2)=-U(1))

IF (n‘j)dl,dl,té
%o o ok

¢Z2 CCHTINLE
CC 12 M=3,NM
Al::J.'



1 G

LEVEL 13 MATN CATE = 71422 22/714/CGC

e T
C % h
I | KK=1,MFMN
KKP=KK+]
AC=COS{UL(KKP)=L{KK))Y*AD
117 CCNTINUE

C ek e sk
C EEEE
MM=P -1

BL=20 (NM, L)% (TAN(A(MM, 1) )=TAN(A(N, 1)) )%AD
BC 11 KI=2,MW
KIM=Ki-1
AC=AC/CCSUIKT)=UAKIM)) :
BO=4S (KN, KI) % (TANCACKE,KT))=ZSIN,KI)* (TARCA(N,KI))))*AD+BG
11 CONTINUE
C BAAR %
ZS(NyM)=25(NV,M)+BCHSTIN(U(MI=UINNM))
12 CChTINLE

CARXA A%
21 CC=.,
CI:'-' 2.
C koo

DO 12 JL=1,NNM
CC=(45 (N, JLI/VIJL) ) #((COSIAIN,JLI+B(N, L)) +1)/CCSCA{N,JL))}+CD
CC=(ZSIN,JLI*CCS (AN, JL)=UINI+ULIL) I/ COSIAIN,JIL))+CD
13 CCHTINLE
C AARN
ZSINGN)=(VIN)/Z(24COS(A(N,NI ) I#(SINT(N)I=CD)
HEIN)={1/CCSILIRN) ) I*(CC+ZSIN,N))
2 CONTINUE
L EELEEE
23 WRITE(6,75) :
15 FORIAT(// CUTFUT®)
WRITE(€E, 7€) |
76 FCRMAY (//° LAYER  TRUE VEL VERTICAL  VERT. CEPTH
g CIP CF */° (KM/S)  THICKNESS KM  REFRACTOR KM
SREFRACTCR DEGS'/)
C Ak
CC 15 N=2,NVAX
NM=N-1
HSTH(N) =HS(N)~HS(NNM)
15 CCNTINUE
C A%k
HSTHU 1) =kS( 1)
NMAXP=NMAX +1
C ohobseshs
DC 14 N=1,NMAX
ULH)=(GIN)#1€0.) /2,14155
WRITE (& TTINSVIN) s FSTE(N) 3 RSIND 4 L(N)
77 FCRMAT(I8,F1142,F12:2,F1542,F1742)
14 CONTINLE
CHd4%
WRITE (6578 INVAXP oV INMAXP)

78 FCRMAT(IE,F1lle2/7)
102 CCNTINUE :
131 CCNTINUE

CALL EXIT

ENU



LINE CD CIPPINGC LAYER 27 NQV 73

DATA INPLT
NOD. REFRACTCRS (NMAX) VEL. LAYER 1 (V(1) KM/S
2 l.48
TIME INTERCEFT  AFP VEL .FRCM K APP VEL FROM L
(XINT,SECS) (KM/S) (KN/S)
0 <54 1,24 2,74
1.67 ' 5 .66 5.%7
CUTPUT
LAYER  TRUE VEL VERTICAL VERT, CEFTH CIF CF
(KM/S)  TEICKNESS K  REFRACTOR KM REFRACTOR DEGS
1 l.48 Ue45 Gakth 0.0
Z 3.24 Z.11 2.56 -1.43
3 5.81
FEVERSE PRCFILE INPUT
TINE INTERCEPT  APP VEL FRCM L AFP VEL FRCM K
(LINT$SECS) (KM/S) (KM/S)
Co54 3.24 3.24
Z.23 54517 5. €6
CLTEUT
LAYER  TRUE VEL VERTICAL VERT, DEPTH CIP OF
(KM/S) TFICKNESS KM REFRACTCR KV REFRACTOR CEGS
1 1.48 T.4¢ .45 5,0
2 3.24 1,21 ENY 1,23
2 5.81
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Programme °*‘MOD'!

Given the velocity-depth structure of a horizontally-layered model

(velocity increasing discontinuously with depth) the following parameters are

computed:
(i) the travel-times of refracted arrivals from each layer,
(ii) the corresponding reduced travel=times,

(iii) the time intercept,
(iv) the critical distance at which an arrival from a particular
refractor is first observed,
(w) the travel-time of the first arrival at each station.
The positions of the receiving stations may be specified, or may be
computed at equal intervals.

Input

Colums 2 to 70 of a header card are used to name the data.
Columm 1 is used to end the run when ISTOP = 1. The following general
parameters are required: the number of layers (NOLAY), number of stations
(NOSTA), station spacing (STINT), reducing velocity(REDV), and a trigger
(IDATA) which, if equal to 1, overides the calculation of range from STINT,
and directs the programme to read the station positions from an array
(RANGE). The first station must be at zero distance. These parameters
are followed by the velocity—depth structure where Z is the thickness of
a layer and V its velocity. The thickness of the lowest layer is not
required and is left blank.

The programme gutometically re-cycles to read a new header. A new

set of data is read if ISTOP = 0 but if ISTOP = 1 the run 1is terminated.

Qutput /
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Output

The input data is printed followed by the computed time-distance

data. A specimen of the output is given after the programme listing.

The output format would require adjustments if more than ten layers

were specified.

Format statement'38' must be linked with the number of layers
to obtain the required layout for the travel-times and reduced
travel-times. The statement should read 'FORMAT (I5, F12.2, NOLAY F10.2),

where NOLAY is an integar equal to the number of layers.



Flow diagram for 'MOD'
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Input header

Test for ISTOP = 1 ——————> END
or ISTOP = 0

Input data

generate equally
Test IDATA = 0 ———> spaced field
or IDATA = 1 point data

Input ranges of
field points

Input data <

Compute total delay time
for each refractor

Compute travel-times and
reduced travel-times for
each refractor at each
field point

Compute the minimum travel
time at each field point

l

Compute the minimum range of
a refracted arrival from each
refractor

}

-~ Output routine.



MOD LISTING
G LEVEL 1¢& MAIN CATE = 71353 21/41/12

CCMPUTES TTIMES,RECUCED TTIMES,1ST PCSS. ARRIVAL DIST

AND INTERCEPTS FCR A FCRIZONTALLY LAYERELC MODEL

LP 1O 1< LAYERS — FOR MORE ADJUST FCRMATS 44 TO 47,37439
FCRMAT 38 SFCULLC ALWAYS BE {IS,;F12.243NCLAYF1:02)

WHERE MCLAY IS INTEGER = NO. OF REFRACTCRS + 1

NCSTA - NCo CF STATICNS STINT - STATICN INTERVAL

REDV - VEL FCR REDUCED TRAVEL TIMES

ICATA-IF  FIELLC POINTS FROM STINT,IF 1 FIELD POINTS

REAC AS RANGE(I) (FIRST STATICN MUST EBE ZERO)

Z{I)yV(I) = THICKNESS ANC VELCCITY CF LAYER I

AFTER EACF MCCEL RETURNS FOR NEW HEACER STOPS WEHEN ISTOP=1
FCRMAT -

ISTCP HEADER CARC (I1,79 CCLS FCR NAME)ISTCP=D
NCLAY NOSTA STINT RECV IDATA (I13,15,2F8.0,1I1)

RANGE(I) (IF ICATA NOT ) (NEED NOSTA FIELD PTS E&F1liow)
2(I) v(I)

ARRAY OF ABOVE

ISTCP _ : (IF = 1 STCPS RUN)(I1)

OO0 00000

DINMENSICN TCT (1)

DIMENSION Z (1Y ,V(13),DETIM(LZ,1C),TCTCT(13),,AGT(1i),AGX {10}
CIVENSION RANGE(ZU ) TTIME(LG92CC) 4RETIMILG267) yWWTIN(23K)
CIMENSICN CCST(1:913)pSINI(LidslT ) CISTI g} o X (1291} T(10410)

C FORMAT 38 LAST F TU READ NCLAYF12.2
38 FCRMAT(I5,F1242,5F1302)
GS7 READ(5,1C2)ISTGP
132 FORMAT{I1,6SH NAME COF MODEL
1 )
WRITE(6,103)
12 FORMAT('1Y)
WRITE(6,132)ISTOP
IF{ISTOP-1)65€,956,55G .
GG8 READ(S5321)NCLAY NOSTA,STINT,REDV,ICATA
21 FORMAT(I2,15,2F8.0,11)
WRITE(6531)NCLAY,NOSTA,STINT,REDV
21 FORMAT(//* NCLAY NCSTA STINT RECV'/15,17,2F7.2/7)
IF(IDATA-1)51,52,52

C
C INPUT & STATICN PCSITICN GENERATION-RANG(I),FOR IDATA = {
C :
C
51 RANGE(Ll) = ©.
CC 1 I=2,NCSTA
RANGE(I)=RANGE (I-1)+STINT
1 CONTINUE
GC TC 53
C
C READ IN STATICN RANGES FCR ICATA=1+ RRANGE(1)=0,
C B
52 REAC(5,23)(RANGE(I), I=1,NGSTA)
23 FCRMAT(8F1C.0)
WRITE(&E9322) (RANGE(I) I=1,4NGSTA)
23 FCRNMAT(//*' RANCES'*,EF1d.2)
53 CCNTINUE
C

C REALC MODEL Z,V



G LEVEL 18 MAIN CATE = 71052 21/41/12

OO0

OO0

OO0

READ{ Sy 24) (Z(N)3VIN) yN=1,NOLAY)

24 FCRMAT(2F8.:)

€4 FCRNAT(//® THICKNESS Z(N) VELCCITY (V(N))*)
WRITE (&, €4) '
WRITE(6424) (Z(N)sVIN)sN=1,NOLAY)

34 FURMAT(Fl402,F19.2)

COVMPLUTE COMPCNENT DELAY TIMES FOR EACH LAYER FCR A REFRACTCR
& SUM THESE FCR TOTAL CELAY TIME FCR THAT REFRACTGR

DO 2 N=Z,4NCLAY
TCTCT(N)=C,
K=N=-1
DC 3 L=1,K
DETIM(L, h)—(Z(L)/(V(N)*V(L)))*(SCRT(V(A)**Z V(L)*%%2))
TCTCT(N)=CETIN(L N)+TCTCT(N)
TETINY = 2.%TCTCT(N)
2 CONTINUE
2 CONTINUE

TRAVEL TIMES CCNMPUTEC FGR EACH REFRACTOR(N=2,NOLAY) AT EACH STATION,I

WRITE(E,2¢)
36 FCRMAT(//' STATICN NG. TTIME CF 1ST ARRIVAL SECS RANGE (KMS)
Z RECUCELC TTINE (TC RECV) LAYER WATER WAVE TIME S*)

CC 4 I=1,NOSTA

CC 5 N=2,NCLAY

TTIME(N,I) = RANGE(II/VINI+2%¥TCTLT(N)

RETIM(N, 1) TTIME(N,T) - RANGE(I)/RELDV
5 CCNTINUE

TTIVE(L,I)

RETIM(1,I)
4 CONTINUE

TTIME(L,I) = RAMGE(I)/V(1)

RANGE(I)/V{l)
TTIME{(1,1I) - RANGE(I)/RECV

TRAVEL TIME FOR EACH LAYER CCMPARED WITH ALL CTHER TTIMES AT
EACH STATICN TC FINC MIN. wWHICH IS WRITTEN

NGLAYP = NOLAY+1
WWTIM(L) = 2,

LC &6 I=2,N0STA

WWhTIM(I) = RANGE(I)/V(1)
CO 7 N=1,NOLAY

GC 8 M=1,NCLAYP

IF(H-M)14,8,14
14 IF({M-NOLAYP)1E,12,13
15 IF(TTIME(N,I) = TTIME(My1))848,7
8 CONTINUE
13 RTTIM = RETIM{N,I)
II=1
WRITE(O6y35)YIT sTTINE(NSI)sRANGE{I)sRTTIM N yWWTIM(I)
FORMAT(I7,F22:2yF23.23F1E8u2,119;F17.2)
CCNT INUE
CCNTINUE

13%)

o~ \n

ROUTINE COMPUTES 1ST POSSIBLE RANGE AT WHICH ARRIVAL FRCM LAYER




G LEVEL 18 MAIN CATE 7153 21/41/12
C N CAN BE CBSERVEL
c
WRITE(G,41)
41 FCRMAT(//" 1ST POSSIBLE ARRIVAL & TTIME FROM EACH REFRACTOR®//' RE
ZFRACTCR ARRIVAL LIST TTINME LAYER?') ’

NCLAYNM = NCLAY-1
OC €1 n=1y,NCLAYN
AGT(N)Y=Co
ACX {MN)Y=1,
LC 62 VM=14N
SINI{VM,N)
CCSI(MyN)
CIST(NM,N)
T{NSN)
X{MyN)
ACX (N)
AGT (N)
€2 CONTINUL
NP = N+l
WRITE(6y42)NyACX(N)JACT(N) NP
42 FCRMAT(/IE4yFl4,.23F10.245110)
¢l CONTINUE

V(M) /VIN+]1)
SCGRT{1=(SINI(MyN)%%Z,))
Z(M)Y/COST(MyN)
(CISTUNN}/VLNV) )2,
CISTIMyN)*RSINI(M4N)*2,
ACX{NY + X(MyN)

AGT(N) + T{VMgN)

THE INTERCEFT CN THE TIME AXIS IS GIVEN BY THE SUM OF DELAY TIMES TO
ANY REFRACTCR -~ N THE VALULS TCT = TCTCT * 2 GIVE THESE INTERCEPTS

aXgNeXe]

WRITE(6,43)
43 FORMATI( /77" INTERCEPTY TIMES CN TTINE AXIS'//)
WRITE(6E,44) . :
44 FCRMAT (' REFRACTOR *9 24Xy *1%yGXs "2 G Xy "3 ,GXy"4"y9X375" 3GX,°6° 436X
327" 39X,'8" 49X,°9°//)
WRITE(6945) (TDTIN) yN=23NCLAY)
45 FORMAT(* INTERCEPT TIME SECS'yEX,SF1{.3//)
WRITE(6946) (VIN) yN=2,NCLAY)
46 FORMAT(' VEL BELCW REFRACTCR KN/S ' ,9F10.2//)
WRITE(E,47) .
47 FCORMAT (' LAYER"92GX»%27,9X3%3%,9X9%4",GXy'59;GXe €%y 9X,'7%,SX,'8°,
89X,9G,Sx,'10/7)

C C/P FOR CACF REFRACTOR

WRITE(€,37)

27 FORMAT(//* TRAVEL TIVMES FOR EACH REFRACTCR®'//' STATICN RANGE KM
4 WOOX g " 1" 9GXy "2 ) GXg 37,0 X"ayCXy 5% ,GX,%€",8X,'7",
59X,18',9X,'G9//)

WRITC(64938) (14RANGE(T) s (TTIME(N,I)sN=1,NCLAY); I=2,NOSTA)
WRITE(6,3G)

39 FCRMAT(//* RECUCEL TRAVEL TIMES FCR EACH REFRACTOR'//* STATION RA
3NGE KM WO aOX g LY 99X 902" 99X 9?37 39X,"4"39X595'39X,%6%,9X, %79,
49X,'8",9X,'9'//)-

WRITE(6y28) (I, RANGE(I )9 {RETIM(N,I)yN=1,NOLAY) I=2,NOSTA)
GC TC 997
669 CONTINUE
CALL EXIT
END
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INTERCEPT

REFRACTCR

IMTURCEPT TIME SECS

VEL ELELOW

LAYER

TRAVEL TIMES FCR EACK

STAT ICN

~N o PN

REDUCED

STATICN

o N

-~ O an

RANGE KM

4o i)
l6 .24
COVSELY
504 )
T3, (T

1iyoet)td

TRAVEL TIMES

RANGE KV

4 it
16,00
30, O
5.7
PRI

150 C0

B

TIMES CN TTIME AXIS

REFRACTOR KM/S

1
L.541
3024
2
RCFRACTCR
W 1
2:7“ 1078
1. 81 .48
2427 G e 8
32.78 15,97
4703-.." 22915
67457 21.41

FOR CACH REFRACTELR

W

Zel3
£e53
15.98
2(‘-4 611
37 .3

T
D2eclt

1

o 5 ®
bl S Ne IR 1 BE TR (6

N w0 .
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2,033
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