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ABSTRACT

This thesis describes a seismic refraction project

undertaken in south west Britain in November 1966, desirmed
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structure associated with a srenite
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tholith, The results and interpretation of the data
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collected are presented in the form of crust:l structure

sections along the three lines of shots.,

then compared with those obtained in other areas of the

British Isles and the ﬁeolu"lc 1 dmplications are discussed,

-

the design of fufure crustszl structure

ined in south west

experiments based upon the experience

inglsnd are also included,

Severs thods of analysis have been employed.

Least squares straipght lines have been fitted to first arrival

time data and time term analyses have been apvplied to
the major phases thus identified, amplitude and velocity

filtering measurements have bheen made of both first snd
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secondary arrivals, the importance of a larze amplitude

iecondary arrival, identified as a supercritical reflecti

from the Moho, is emphasised and an exple
le characteristics is provided in terms of a lower crust

dual increazse of velocity with depth.

age crustal velocity along the line of the

south west Englend peninsula and between Lond's End and Brittany

re]




.

—~ ) .
5.8 km/

5€C e

Tor the reg

(=0

evidence for sz

with a dipping

The crust is about 27 to 20

and a

Li1e
enithn of =bout 11 km
a dual increase

between Land's ind

higher Pm velocity

x

Vioho wsuch that the

s b=l

0

uhh

is ~bout 6.0 kw/sec with an upper crustal velocity of =zbout

km thick with an

benezth which the lower

of velocity with depth,

and Irelsnd there is

and aver:

thickness

southern Treland nay be about 30 km.

™

0X

sQne

re-crustal velocity

the crust beneath



I wish to thank Professors K.C. Dunhswm and G.F. Brown
for the privilege of being able to work in the Durham University
Geology Department, I am especially indebled to Professor
M.H.P, Bott for his help and direction during the whole period

o

of this research, My thanks are due to Dr. R.E. Long and to

]

4

many staif, research students and technicsl staff members of
the Department in whose company it has been a pleasure to work.
I am also most grateful to several members of the computing
staff at both the Durham and Newcastle University computing

s 5 ¥ ~ 5 a = -~
centres, especially Mr. R. 0ddy and Vrs. 4. Roberts (nee

Beeckmans), whose help has been inValuable. In addition,

I wish to express my thenks to Dr. H,I.S. Thirlaway for the
use of the facilities at the UEKAEA seismology unit and to the
other mewbers of Blacknest whose help and advice are always
so freely given,

The south west England experiment was sponsored in
part by NERC and also by the Air Force office of scientific
research through the Iuropean office of aerospace research,
OAR, United States air force under contract AT61(052)=733
as part of ARPA's project vela uniform. 1 am most grateful
to the Standing Committee for Research Awards at Durham for

personal financilal support during the 3 years of this research.




CONTENTS

Page
CHAPTER 1,
1.1 Introduction 1.1
1.2 Geology of the south western peninsula 1.1
1.3 Geophysical investigation along the
peninsula 1.b4
1.k Adms of the 1966 experiment 1.8
1.5 Previous work in the area 1.1
CHAPTTR 2,
2.1 Experimental details 2.1
2,2 Data preparation 2,18
CHAPTER 3.

%.,1 The classical method %4l
3,2 Adjustments for upper crustal variation 35
3,3 first arrival travel time graphs 3.7
3,3,1 ILine 1 travel time graphs 59
3.3.2 Interpretation of line 1 travel time data Bel
2,%,3 Idne 2 travel time graphs Bak
3,%.4 Interpretation of line 2 travel time data 3.1
%.3%3.5 Line 3 travel tiwme graphs Fel
%.%,6 Interpretation of linme 3 travel time data 3.2
%4 Time terms 3,3

APTER 4,

bt
o
=

2

1

¥

I,1  Stacked records o2
h,2 Awplitude measurements Lok
4,3 Velocity filtering 4,5
Lyh

: L]
. The analysis and interpretation of all the
data 4-9
bo%,1  Analysis of P_ and P arrivals 4,10
4h,4,2 Analysis of later arrivals , o1t
L, 4,3 The nature and use of the large amplitude
secondary arrival 4.1
holi,4 TLine 1, final interpretation b2
4,4,5 Line 2, results and interpretation Lo2

b h,6 TLine 3, results and interpretation L3
L.5 Conclusion L,3

O O\ GO =3



CHAPTER 5.
5.1
5.2

563

APPENDIX A

APPENDIX B,

APPENDIX C.
APPENDIX D,

APPENDIX E,

PENDIX F.

APPENDIX G.

APFENDIX H,

BIBLICGRAPHY

Comparative crustal structure around the
British Isles

Geological interpretation of the results
from the south west Zngland experiment
Suggestions for the design of future crustal
structure experiments

South west Fngland experiment -~ shot data

Piprst arrival travel time data for all stations
from the south west England experiment

Paper tape data input programme

Least squares straight line programme

Time term analysis programne

Veloclty fil#ering programme and results
Plot of velocity filtered records (programme)

The theory behind the use of the critical
distance (C.) and the grazing incidence
distance (C7) in the evaluation of the
depth at which a linear increase of
velocity with depth begins

Al

A.h

ALL1h
A.22

L 2k

4.29

Ah7



Page following

Fige.l. The geology of the south west
“ngland peninsula ‘ 1.2

Fig.2, DBouguer anomaly map of south west England
(after Bott and Scott 1964) 1.4

Tig.3., Bouguer anomaly profile over Bodmin Moor
between A and A* on fig.2 (after Bott
and Scott 1964) 1.6

Tig.4, Seismic station positions in the south.
west Britain area including the three
1ines of shots of the south west England
experiment 1,10

Pig,5. The geology of the sea areas around south
west Britain (after Whittard 1962 and

Donovan 1968) L1k
Pig.6, The shot-receiving station configuration
for the south west England experiment 2el

#ie.7. Block diagram of the F.M. recording
apparatus at four of the stations along the
south west England peninsula (after Long

196863 2.6
Fig}S. Sketch maps of the Dartmoor (above) and
Bodmin Moor (below) array stations 2.7

¥ig,9, Sketch map of the Land's End array station 2.8

Fig.10, Schematic diagrams of sedlsmic data processing
system (after Lucas 1966), 1 = Array field
recording systen 2.3

Tig.1ll. Hchematic diagrams of selsm
nrocassing system (after Luca
2 = Array field replay sys

2 2,10
Tig,.12, Schematic diagrams of seilsumic d

processing system (after L

% -~ Laboratory replay system 2,11




decd
=y

Fig.1l5.

Fig,16.

FigelT7e

Pig,18.,

Fig,2h,

2]
i

225,

followling page

U/V recorder trace of shot 11l of the

south west Fngland experiment as received

by 5 of the geophones at the Land's End

station 2el3

Schematic diagrams of seismic data
processing “yotem (after Lucas 1966).
4 ~ Punch replay system 2,13

Histogram of the least squares residuals
from the first arrival travel ftime data of

the south west England experiment. The
caleculated normal curve is also included 3 4
Bouguer anomaly profile along lines 2 and 3 345

First arrival travel time graphs for the
Dartmoor station (above) and the Bodmin
Moor station (below) , %,10

Pirst arrival travel time gzraphs for the
Carnmenellis shtation (zbove) and the Land's
Tnd station for the line 1 shots (below) 3,10

First arrival travsl time graphs for the
Scilly Isles station (above) and the
sskdalemuir station (below) 3.10

The extent of line 1 giving a truly
reversed Pn veloeity 3.13
¥

irst arrival travel time gravhs for the

ater“ord station (above) and the Land's ZEnd

~

station for the line 2 shots (below) 7,18

Resgidual data and an interpretation of the
Bouguer anomaly profile along the northern

part of line 2 Z.19
Suggested structure in the upper crust along

the southern half of line 2 322
First arrivel travel time graphs=for the

line 3% shots (above) and the French stations

(below) 3.25
Residual data from line 3 3,28



following page

it

The stazndard deviation of the solution
versus the refractor velocity for the
P (2nd solution) and Pg time term

1
o]
-
)]
(62
.

n ;

solutions 3635
Tig.27. The stacked record of the line 1 shots at

the Land's End station : _ b2
Fig.28. Freqguency responses of the recording systems

at the Scilly Isles station (above) and at

the Carnmenellis and Bodmin Moor stations

(below) bl
Fig.29, Amplitude - distance graphs for various

phases at the Bodmin Moor, Carnmenellis and

Sc¢illy Isles stations bl
Fig.30, A crustal model and calculated reduced travel

time graphs for the P-waves travelling ,

through it . L, 20
Fig.3l. The stacked record of the line 1 shots at the

Scilly Isles statiomn by 2k
Fig.32., The stacked record of the line 1 shots at

the Carnmenellis station Lok
Fig.3%., The stacked record of the line 1 sholts al

the Bodmin Moor station b 2k
Fig.%4, The crustal models for limes 1 (above),

2 (middle) and 3 (below) of the south west

England experiment 4,27
Tig.35. The stacked record of the line 2 shots at

the uWaterford station 4,28
Pig.%6. The stacked record of the line 2 shots at

the Land's End station L, 28
Tig.%7, The stacked record of the line 3 shots at

the Land's ¥nd station 4,30

Fig.38. The stacked record of the line 3 shots at
the French stations 4,30




following vpage

The geological interpretstion of

the crustzl model along line 1 5el3
Paper tape format bo1h

Smoothed and correlator outputs for an
arrival travelling across the Land's
End array at a velocity of 5 km/sec. 4,30



Page following
SGedimentary delay times for the
line 1 shots. 3.5
Table 2. Results of the least squ:res process of

fitting strailght lines to the itravel
time datz of the south west England

. L -
experiment . B0

Teble 3. Minimum depths to the Moho for stations

At
®

‘.._1
[

along line 1 .

Pr time terms .

W
L]
O
Rnag

oy
®

o
!

Teble b. Pﬂ time fterms, first solution.

Table 6, P time terms, second sclution. 355

-

Table 7. Estimates of crustsl thickness and

average crustal velocity for the stations
recording the line 1 shots. kv
Table &, fstimetes of depths to the top of the

lower crustal layer including the data

used in thelr evaluastion .

g
o

%]
o




1.1

CHAPTER 1

1.1 Introduction

A specialised seismic refraction project, designed
to investigate crustal structure associated with a granite
batholith, was undertaken in south west Britain during the
early part of the November 1966, The project was organised
by members of the Department of Geology, University of Durhanm
in ceollaboration with the Hydrographic Department of the Royal
Havy and other scientific establishments. The design of the
experiment was based on the seismic refréction technique which
has been used in many parts of the world to elucidate deep
structures otherwise unseen by surface methods,

This chapter describes the general geology of the
sonth west England area and in particular the nature of the
granite batholith as fevealed by various geological and
geophysical studies, It includes a summary of the previous
work undertaken in the area covered by the experiment and
discusses the scientific background and aims of the seismic

refraction experiment as carried out in November 19566,

Geology of the south western peninsula

fu

1.

south west Britain was zelected as being a

particularly interesting area because of the occurrence of



1arge granite intrusions along the south west England
rpeninsula. The geology of the area is shown in fig.l.

The peninsula is characterised by a series of highly
contorted Palaeozic sediments which have been affected by
low grade metamorphism. The general structure of the area
is 2 broad trough, known as the Culm synclinorium, with its
axis aligned east-west through central Devonshire. The
central part of the trough is coﬁposed of Carboniferous
sediments, consisting of massively bedded shales, a bed of
agglomerates and tuffs and a series of lenticular limestones.
The axis of the synclinorium is occupied by the finger-like
Crediton trough composed mostly of New Red Sandstone, resting
unconformably on the Carboniferous;

Towards the norith Devonian rocks outcrop. These
are predominantly marine rocks but three intercalations of
continental Old Red Sandstone do occur. Towards the south
of the synclinorium, outcrops of lower, middle and upper
Devonian rocks of merine facies are present consisting of
slates, mudstones and limestones. In the extreme south west
thé rocks are of indeterminate age, possibly lower Devonian.
These are the Mylor beds or 'killas' of south west Cornwall.
There are two areas of possible Precambmizn rocks, one in the
Start Point area consisting of low grade schists (Tilley 1923)
and the other comprising the igneous complex of the Lizard

(Flett and Hill 1946). However, radioactive age dates on
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1.3

the Iizard rocks indicate that they may be younger (Miller
and CGreen 1961a and 1961b, Dodson 1961). The whole of the
area was metamorphosed by the marginal effect of the earth
movements which built up the eastern part of the Variscan
fold belt, The main effect is that of the imposition of
slatey cleavage on the finer grained sediments.,

Cutting across these Palaeozic sediments, and also
causing considerable doming, is a series of alkali granites
of Armorican age. Radioactive age dating on some specimens
gives ages of 280 Y 10 million years (Long 1962, Miller and
Mohr 1964, Sabine and Snelling 19569), The main masses are
those of Dartmoor, Bodmin Moor, Hensbarrow, Carnmenellis and
Land's End. The Scilly Isles are also formed of granite and
other smaller outcrops are seen in several areas. The bulk
of the rock forming these intrusions is a coarse, porphyritic,
biotite granite (Exley and Stome 196%4). It consists of large
phenocrysts of potash felspar up to Sem in length, plagioclase
felspar, quartz and biotite set in a coarse matrix of more
than %mm average grain size. Accessory minerzls include
zircon, apatite and ores. Cther granite types include a
finer porphyritic biotite granite, a basic microgranite and
single occurrences of lithionite granite, so called because
of the presence of lithionite mica, and a fluorite granite.

Flvans also occur in moderate numbers throughout the peninsula,




1.4

being composed of granite porphyries and having a dyke= or
sill=-like form.

Fach of the outcropping granite masses is surrounded
by & metamorphic aureole. Thermal spotting occurs and it is
estimated that the usual thickness of alteration averages
about 1000 metres at right angles to the granite surface.
The granite contacts are sharp with very little permeation
of material into the country rocks. They may be described,
in fact, as typical examples of 'plutomns', the highest level
in the granite series described by Read (1957).

For a full description of the geology and structure

the Regional Guide (Dewey 1948) should be consulted.

1.3 Geophysical investigations along the Peninsula

A geophysical study described by Bott, Day and
Masson-Smith (1958) reveals the subsurface shape and extent
of the granites., They undertook a gravity and magnetic
survey of the whole of the south western peninsula, the
Bougueranomalies of which are presented in fig.2. The
main gravity features brought out by the survey are that :-
(i) 4 belt of large negotive Bougher anomalies of up to
~50mgals follows the granite belt, the minimum values
corresponding to outcrops of granite.

(ii) The Bouguer anomaly falls in a HWNE directlon across
Exmoor by about 20mgals,
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(iii) The Bouguer anomaly rises southwards by about 10~15mgals
along the Start and Lizard peninsulas.
(iv) The regional Bouguer level is relatively high and rises

gradually in a westerly direction.

Subsequent unpublished gravity surveys at sea along
a line crossing the extreme west of the peninsula from north
to south confirm the high regional characteristics and the
low Bouguer anomalies corresponding to the granite belt,

The full interpretation of these anomalies is
given by Bott, Day and Masson=Smith (1958), and Bott and
Scott (1964), but is summarised here. The negative Bouguer
anomalies along the peninsula are attributed to the low
density of the granite masses in relation to the country rocks

because 1=

(1) The high value of the gravity gradient and second
derivative require a very shallow density contrast.
(ii) Samples of granite give densities of 2.58~2,6hgn/ce
while the Devonian rocks of South Devon give values of 2,61-
2.86gm/cc (Bott, Day and Masson-Smith 1958). Samples of
éhe killas give 2,71 % .05gm/cc (Scott, unpublished).

A density contrast of =0.16 z .03gm/cc was used
to give quantitative estimates of granite thicknesses.
“he continuity of the anomalies suggest that the exposed

granites form cupolas on a large batholith of considerable




extent, an ides which has been postulated before, e.g.

Rastall (1931). In regions between the granite outcrops,

the roof is not more than 2 to 3km beneath the ground surface,
In some areas it is noticeable that the metamorphic aureole
extends several kilometers away from the visible granite
contac#, indicating that the roof is not far below ground.

On the basis of the shape of the gravity anomalies it can

be seen that the batholith has a relatively flat roof region
with steeply sloping walls generally inclined outwards.

An example of a typical two dimensional Bouguer anomaly

ile with its geological interpretation is shown in fig.3.

h

pro
The interpretation of this Bodmin Moor profile shows an
intrusive body of granite with a negative density contrast
extending to a depth of 12km with steeply dipping sides and

a more dense northern section; Another interpretation which
could be applied is that of an intrusive body of granite with

a uniform density contrast but extending to greater depths in
the south. The fit of the calculated anomaly for this model
to the observed anomaly is not as good as that for the former
model, This interpretation is typical for most of the granite
outcrops along the peninsula; Thus the gravity survey reveals
the presence of an elongated granite batholith with steeplﬂ

dipping sides and extending to a depth of about 12km with a
i

denser northern region,
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The western extent of the batholith is unknown.
Midford (1966) describes a gravity 'low between Land's End
and the Isles of S8cilly which is interpreted as a granite
extending to a depth of at least 10km below sea level,

The Scilly Isles are formed of granites of the same type as
those found in the mainland belt but no quantitative estimate
of the depth to which the grenite extends is possible with the
data as it is at the moment. Whitmarsh (1967) gives a gravity
Profile along a NW - SE trending line some 60km west of the
Scilly Isles, This shows a gravity low over the Haig Fras
granite in the north west and another low with a steep sided
high on its southern margin towards the south eastern end of
the traverse, He proposes that this southern low is a
manifestation of another granite with its top 450 metres below
sea level (the water depth in this region is 150 netres) thus
extending the chain of the granites at least to this position
some 60km WSW of the Scilly Isles.

Shallow seismic refroction profiles (see below)
indicate the presence of thin sediments covering basement rocks
out to a further 60km west south westwards from the granite
postulated by Whitmarsh, Magnetic evidence (see below) also
indicates the presence of a shallow basement in this area
extending west south westwards but plunging steeply towards

the south south east,




Bott and Scott (1964) suggest that an isostatic
mechanism could be the cause of the high ground associated
with the granite belt. The basement ridée, extending the
line of the south western peninsula, could wellvbe a manifest-

ation of the same mechanism operating in this area suggesting

that granites extend well to the west of the Scilly Isles.,

1.4 4ims of the 1956 experiment

The vertical extent of the granite batholith as
revealed by its gravity anomaly raises a considerable rroblem
regarding its origin, This problem is part of the general

problem related to the origin of granites which has been hotly
debated for many years (Read 1956, Reynolds 1947)., In the

present case the granites were emplaced after folding and
metamorphism of country rocks and, whatever the emplacement
mechanism, it must have involved the removal of a large volume
of country rocks, Thié problem has been studied by Bott (1956)
who concluded that most of the country rocks descended to replace
the uprising grantic material. Whatever the interpretation,
the crust underlying the granite batholith must have been
diéturbed. Thus’the problem of granite batholiths cannot
be isolated from a study of the crust as a whole.

Two principal hypotheses have been put forward
concerning the shape of the granite batholiths in relation to

the crust, The first suggests that batholiths are surrounded
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on all sides and below by rocks denser than themselves.,
The second suggests that batholiths merge at a depth of
10km into a layer which has a granitic composition, Gravity
methods provide no means of testing between these two hypotheses.
The seismic refraction method provides a tool which may be able
to distinguish between them. It has been shown that the granite
batholith in this region extends at least from Dartmoor to the
Scilly Isles, a distance of about 200km and possibly even further.
The width of the grenite belt is of the order of 30-50km. Length=-
wise it is thus large enough to accommodate most of a seismic
refraction line which would sample seismic velocities throughout
the Qhole thickness of the crust down to the Mohoroviecic
discontinuity.

One of the main aims of this project was, therefore,
to determine the crustal structure and topmost mantle velocities
along the length of the granite batholith. It was decided to
set up a seilsmic refraction line of shots extending west south
westwards from Land's End with detectors placed at suitable
sites along the peninsula. in order to supplement this
information it was also decided to determine the crustal structure
and topmost mantle velocities along twe lines at right angles to
the batholith, These lines extend from Land's Fnd to southern
Ireland and from Land's End to north western France respectively.,
(see fig.4). A study of the previous work in the areas covered

by these three refraction lines is therefore necessary and a
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summary of this work is given below.

1.5 Previous work in the area

Work in the sea areas surrounding the south west
England peninsula and extending to southern Ireland and to
north western France has been of a rather limited nature.
A number of seismic refraction stations have been occupied
and individual gravity and magnetic traverses cross the area
but no systematic geophysical survey has been attempted in
the region covered by the large scale seismic refraction
project of 1966. Most of the work seems to have been
concentrated towsrds the west and south of the peninsula.
Only recently have gravity profiles been completed in the
eastern Celtic sea.

Some of the earliest seismic work is reported by
Bullard and Gaskell (1941); Several sea stations were set
up at points along an extensive line running roughly west
south westwards from the Lizard and short refraction lines
were shot at each station (see fig.#); It was found that
the basement underlying sediments on the continental shelf
slopes gently downwards on receding from the land in a WSW
direction out Lo fhe position of their station 6 (AR 6 in
fig.h4). ‘hereafter the basement slopes more steeply to
reach a depth of 2,5km at the 100 fathom line. The seismic

vdocities given for the basement rocks vary from 4.6 - 7,3km/sec
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while those for the sediments above range from 1.8 - 2.%km/sec.

Several similer stations wére set up by Hill and
Laughton (195%) in the approaches to the Inglish channel
towards the south of the stationSoccupied by Bullard and
Gaskell (see fige.h). These give seismic velocities within
the basement rocks of 6.10 - 6.34km/sec and depths to the
basement of up to 4.27km with a general dip of this basement
towards the west. Three other layers above the basement were
recognised with velocities rangiﬁg from 4.85km/sec near the
bottom of the 'consolidated sediments'! to 1.96km/sec neazr the
top of the 'uncomsolidated sediments'. However, many of
these refraction lines were not reversed thus making an
assumption of horizontal layering necessary for the above
values of velocity and thickness to be true,

Day, Hill, Laughton and Swallow (1956), on the basis
of sﬁort refraction lines shot at locations along a line
extending southwards from Plymouth (see fig.lk), recognised

four classes of seismic velocity thus :-~

1.7 = 2.5km/sec Mesomoic

2.7 = 3.6kn/sec Permo Triassic

3.65~ 4.85km/sec Palaecozoic

5.2 = 7.,0km/sec Metamorphics and Igmous (Basement)

Structure contours drawn by Day et al on the basement

give a picture of an elongated trough running northwestwards
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along the centre of the western approaches to the English
cheannel reaching a depth of at least Zkm and rising to zero
depth near the Ffrench coast,

More recently, Bunce et al (1964) shot profiles
near the edge of the continental margin some 350km due west
of Lands' End, They shot three short profiles (28km each)
and one long profile (125km), the latter in a north-south
direction. The highest velocity attained in the short profiles
was 5.5km/sec while, in the long profile, a 6.10km/sec layer
underlain by a medium having a velocity of 7.7km/sec was found.
4 dip of what was presumed to be the Moho towards the south was
tentatively postulated on scanty data.

The area between the south western peninsula and
Ireland is devoid of published seismic profiles, except for
several short unreversed profiles shot by Merriweather (1958)
near Perranporth in Cornwall, He found the basement to be at
a depth of 400 metres with an unreversed velocity of 5.8km/sec
overlain by Devonian schists having a velocity of Lo bkm/sec,
Whitmarsh (1967) gives the results of a short unreversed line
of twelve shots exploded along a 25km length of the gravity
profile mentioned earlier in this chapter. Unfortunately no
arrivals from the basement were received although they are to
be expected in a profile of this length. Two layers were
found, an upper l.6km/sec layer and a lower 1.%km/sec iayer

identified as the Cretaceous with its top lying 200 metres
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below sea level. He proposes that seismic waves hitting the
walls of the postulated granite, interpreted from the gravity
data, would be reflected and scattered thus accounting for

the non-existence of arrivals from the basement during his
reiraction survey. The steep-sided gravity high on the southern
margin of the proposed granite (see earlier discussion on gravity
measurements), he says, represents a protrusion of the basement
into the Cretaceous.,

A gravity survey conducted by Brown and Cooper (1952)
in the eastern parts of the south western approaches to the
English channel shoﬁs a high Bouguer anomaly running east-west
along the centre of the Channel. Close to the French coast a
low was found probably owing its existence to the granitic
nature of the rocks outcropping in the vicinity. More recently,
unpublished gravity profiles running from Land's Fnd and the
Scilly Isles to north west France confirm the high Bouguer
anomaly in the northern and central parts of the south western
approaches and the low towards the French coast. It would seenm
that the thickening pile of sediments revealed by the seismic
survey of Day et al has no apparent effect on the gravity values,
The westerly gravity profiles and amother one extending between
Ireland and Land's End will be discussed in a later chapter.

A magnetic survey by Hill and Vine (1965) in the

south western approaches reveals a marked ENE ~ WSW lineztion
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cf the anomalies, This is considered by them to reflect
the relief of the metamorphic basement, which in turn
delineates an Hercynian structural trend. Broad magnetic
features extending along the direction given above suggest
a series of ridges and troughs in the basement surface.

Thus gravity, magnetic and seismic work indicate
a trough or series of troughs in the western approaches to
the English channel, with the low velocity sedimentary material
thinning northwards against the westward extension of the
Cornubian batholith area. Coring and dredging work has given
additional evidence of surface geology within the region which
is summarised in fig.5.

The only systematic gravity results from the Celtic
sea region are those of Blundell, Davey and Graves (1968),
Their survey covered the southern part of the Irish Sea and
the north eastern part of the Celtic sea. The anomalies show
a similar trend direction to that found further south with a
broad, but steep sided, gravity low running west south westwards
from the southern Irish Sea eventually bifurcating in the north
eastern area of the Celtic sea. velsmic measurements indicate
that there are two seismic layers :-

2.2kn/sec 1km thick
3.5km/sec 2km thick

thus showing that sediment depths of 3km are found in this area also,




2482

~==5|

AT
sssas senasl

LEGEND

QUATERNARY
NEOGENE

PALAEOGENE
CRETACEOUS
JURASSIC

NEW RED SANDSTONE

]

HNBEORED

49

PRE PERMIAN
INTRUSIVE GRANITE

“.v| METAMORPHIC
o 50 100
45[— KMS
| |
9 8 7

A

Mg.5. The geology of the sea areas around south west
Britain (after Whittard 1962, and Donovan 1968).




1.15

A gravity traverse by Midford (1966) from 8t.
David's Head to Land's End gives high gravity values south-
wards from St., David's to approximately 51020'N. Thereafter
a break in the profile marks the position of a gravity low
with a steep southern gradient in the region of 510N. The
rest of the traverse shows high gravity values immediately to
the north of the Land's End area. The northern part of the
traverse runs along the eastward margin of the basin described
by Blundell et al. Coring and dredging work has been carried
out in the Celtic sea and this is summarised in fig.5.

It is apparent from the foregoing that, in general,
the uppermost layers of the Farth's crust beneath the area
covered by the 1966 refracticn experiment exhibit a marked
ENE-WSW structural trend. There is an irregular cover of
sedimentary material with seismic velocities ranging from
1.7 to 4.85km/sec, Crystalline basement velocities seenm
to be in the range 5.2 to 7.0km/scc. However, large parts
of the area are still relatively unknown and the problems

posed by the lack of cbservational data will become apparent

|..!¢

n later chapters of this thesis,
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CHaPTER 2

This chapter deals with the experimentzl details of
the southwest IEngland project. Bach individual receiving
station is described and summaries of two contrasting types of
recording apparatus are included. Some of the problems
encountered during the project are mentioned and the general
guality of the data collected is assessed. The determination
of shot instants and the preparation of the raw data ready for

processing are aiso described in this chapter,

2.1  Ixperimentel details

The shot-receiving station configuration is shown
in fig.b6. Lines 1 and 2 extend approximately 250km west
south westwards and northwards respectively from Land's FEnd
and line 3 extends some 150km southwards from Land's End to
the coast of north west France. Forty~five, time fused,
136kg depth charges were detonated by H.M.S5, Hecla during the
period 4th - &th November 1966, They were all detonated
approximately 15km apart on the sea béttom and there were no

~
a

3

fde

lures. The shot firing sequence went almost exactly to
plan with very few delays for near vicinity shipping and in
a relatively quiet weather period. Line 2 was shot first
with H.M.S5, Hecla firing shots 42-25 during the evening of

the 4th November. Line 2 was continued during the morning
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of the 5th November and line 3 was completed towards the end

of that afterncon, H.M.3, Heela then returned to Devonport

to take on wmore depth charges end then steamed westwards
dropping shot 19 on the afternoon of the 7th, Line 1 was
completed during the morning and afternoon of the 8th, The
shot positions were fixed using the Decca navigation chain,
These positions together with their associated errors are given
in Appendiﬁ A,

The shot instant was recorded on board H.M.3., Hecla
as follows, Near the time of firing the output of a geophone,
together with the ouilputs of a time encoder, the B,3,C, Light
programme and a standard radio time frequency (WWV) were played
out on an ultra vieolet recording oscillograph and also recorded
on magnetic tape. The time interval between the splash time
and the advent of the water-wave arrival seen on the recorder
was measured by a stop-watch and the ship's speed was noted,
Thus the distance from shot point to shipvcould be determined,
The time taken for the water wave to travel to the ship was
calculated assuming a water-wave veloclty of l.5kmn/sec and
this‘time was subtracted from the arrival time seen on the

recorder to give the absolute shot instant. The time encoder

was periodically recorded against WiV to check for drift so

that when WWV was nolt available an accurate shot instant could

still be determined, The only problem with this system was
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that of identifying the first water-wave arrival. These
shot instants were read to the nearest 0.0l second and they
are given together with their associated errors in Appendix 4,

48 Tthe time for each shot approached, H,M.S, Hecla
broadcast meésages two minutes before splash, one minute before
splash and at thesplash time. The output of the P.D.R. was
then broadcast until it was ascertained on board ship that the
shot had been firsd, A last message indicating the success
of the firing and the expected time of the next shot was then
sent out,

Bach receiving station recorded a standard radio
frequency (in most cases MSF which is accurate compared to WWV
to a few microseconds) in addition to the output of a time

Y

encoder, Thus the absolute shot instant could be related
easily to each individual system time encoder. Reception of
MOF during the period 1000-1600hrs was difficult but most
stations recorded enough to correct for time-encoder dprifi,
Some of the stations were recording contindsly while others,

receiving the broadeast messages from H.M.S5., Hecla, recorded

during the shot periods only.
Land receiving stations were set up as follows :=-
. R e a =0 ' o o
L. BEire : UNr. Waterford (52°13.6 N, 7°09,7'4)
A three component set of Willmore Mark 11(c/s)

seismometers consisting of one vertical and two horizontals,
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one aligned northescuth and the other aligned east-west was
placed on a rocky outcrop. frequency modulated magnetic tape
recordings were taken of the shot periods only. Most of the
shots from line 2 were recorded and some Ifrom line 1. This
station was operated by Professor T, Murphy and Mr. B, Jacob
of the Dublin Institute of Advanced Studies, School of Cosmic
Studies, Dublin,

B. Dartmoor : OCkehampton camp (EOOQB.O'N., 4°00,0'W)

C.' Bodmin Moor (50°30.2'W., 4°37,5'W)
D. Hensbarrow (50°23.6'm., 4°39.21W)
E. Carnmenellis (50°11.5'W., 5°13.9'W)

These four frequency modulated magnetic recording
stations were set up by members of the Durham University
Geological Department under the supervision of Yr, R, E, Long.
It was hoped that all stations would record continuously during
the whole period over which the shots would be fired. There
were, however, some difficulties and except for the Bodmin Moor
station which did record continuously over the period, the
stations only recorded the period during which line 1 was shot,

Long (1968) describes in detail the type of apparatus
that was used at these stations. It was modified for a later
experiment in Iceland but basically it remains the same. The
geismgﬁeter outputs are amplified, filtered and freguency

modulated by a seismometer package located close to each
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seismometer in the field. The amplifiers were powered by
twelve 1,5 volt HP2 batteries which were changed halfway
through the experiment. The modified version is now powered
from a single group of accumulators at the central recording
station, The total bandwidth of the amplifier is from 0=10kec/s
s0 that the freguency response of the system is controlled
entirely by the filter. The signal is normally recorded at

as wide a frequency range as possible but frequencies well
outside the seismic band of interest are attenuated to reduce
noise levels and thus increase the dynamic range of the systen.
There was no rémote facility for automatic gain control or
calibration for the south‘west England experiment although this
is now incorporated in the modified systen,

The F.M. signals are transmitted by ordinary field
telephone cable to the central recording station where they are
fed by the line terminating transformers via another selt of
amplifiers to the recording heads of a magnetic tape recorder.
The tape recorder uses 14 inch reels of 1 inch magnetic tape
with up teo 24 channels of information, A tape recording
speed of 15/64 inch/sec was used in this project, Each station
records a standard radio time frequency and the output of a
system time encoder which has second, ten second and minute
markers, A code following each minute marker gives the hour

and minute and, on the modified system, the day according to
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a time code used by the United Kingdom Atomic Snergy Authority,.
The recording stations were powered by batteries which were re-
charged by mains battery chargers. The tape deck motors were
driven by mains electricity, The dynamic range of the systenm
as used in south west England is estimated ﬁo be about 55dbs
but as Long (1968) points out, this can be considerably
improved in the modified system, Fig,7 shows a schematic
diagram of the recording system as it was used for the south
west England project.

The megnetic tapes are replayed in Durham at four
times real time, the output of each channel being demodulated
and fed to either a twenty four channel oscilloscope or an
eight channel pen recorder. Krohn-tite frequency filters
are available for filtering individual channels,

The Dartmoor and Bodmin Moor stations consisted
of 2 linear arrays each comprising 5 vertical Willmore Mark I
(lc/s) seismometers, These were set approximately half a
killometre apart along the direction of line 1. Two horizontal
seilsmometers of the same design, one radial and one transverse
to |the direction of line 1, were set up alongside one of the
vertical seismometers in each array thus forming 3 component
sets, The Dartmoor station was at the greatest distance from
the shots of line 1 but it was found that signal to noise levels

were good and most of the shots were picked up. However, the
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of the stations along the south west England peninsula
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coherence of arrivals across the array was poor because of
poor individual sites; poor matching of selismometers and a
- preponderance of water.

The Bodmin Moor stztion recorded all the shots, and
signal to noise levels were good even for the most distant
shots, Signal coherence across the array was also good.

The time encoders at both stations registered a drift of
approximately 0.0l second per day and no difficulty was
encountered with the timing of onsets. Fig.8 shows diagrams
of the Bodmin Moor and Dartmoor sites.

The Hensbarrow and Cernmenellis sites both consisted
of 3 component sets of Willmore Mark I (le/s) seismometers each
with ome vertical and two horizontals, one radial and the other
transverse to the direction of line 1. F.M., recording of the
shots of line 1 only was possible at both stations and the
horizontals at the Hensbarrow site were later found to be non-
functional, It was also found later that the time encoder at
Hensbarrow was faulty thus rendering the data from this station
unusable, A1l three channels at the Carnmenellis station, on
the other hand, worked well and good records of all the line 1
shots were obtained. The time encoder registered a similar
drift to those at the Dartmoor and Bodmin Moor stations,

Fo Lend's End : Lady Down's Farm (BOOlO.O'N., 5033.O'W)

This station acted as the communications centre for
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the whole project. A dipole aerial was erected to receive
breadcasts from H.M.S. Hecla and reception was good throughout
the whole period. The site is shown in fig.9. The apparatus
usged at this station was built in Durham ahd operated by
Pr. A, L. Lucas now at the B.P., Research Centre, Sunbury-on-
Thames. It is described in detail by Lucas (1966) but a
summary is given below.

The apparatus may be divided into three main units.
I. FIELD RECORDING BYSTEM

This involves a transportable array with digital
nagnetic tape recording of ten seismic channmels and timing and
control information, At the time of recording, the digital
information on any ome chennel way be replayed to = simple one

channel digital-to~analogue converter, designed to drive a pen

recorder, This section of the equipment is shown in schematic
form in fig.l0C. The main units indicated are here described
briefly.

l. Geophone

10 B.P. Swamp Geophones (3¢/s) are used,
2e Pre-amplifier

The pre~amplifier has a fixzed gain of 200 and is
powered by mercury cells, It is cased in a PVC tube permanently
sealed at one end with both input and output lines passing through
the other which is sealed by compressing a rubber disc between two

brass plates,
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3. Channel attenu=zation
This function enables an attenuation of from = 1 to

*

f 16 to be applied individually to the signals on the different
channels,
L. Ten channel double-sided sampling switch

This unit was purchased as a complete unit, The
drive pulse to the channel one switch is brought out and used
for channel identity eventually being written on to the tape.
5. Wide band amplifier (Redcor 371=022)

This is a wide band, low level, differential d.c.
amplifier. This has a maximum gain of 1,000 which makes the
overall maximum gain of the system to be 200,000,

6. Triggered voltage to pulse duration converter

This transforms a voltage into a time interval.

The AND gate output consists of the intervals of 2me/s signal
commencing whenever the ramp comparator is triggered and ending
when the ramp voltage eguals the input voltage to the A.D.C.

The fest of fig.lC indicates the functions required
to write the information in logical form on to the tape.
Important points to note are
(a) the standard system rate is lke/s, i.e. each seismic
channel is sampled by the switch 100 times = second;

(b) the crystal oscillator output is divided down to 2 pulses
per day to produce the system clock which is shown visually and

written on to the tape every second (time code bit);
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(¢) the oscillator output is also divided dowm to lke/s
which is used to comtrol various logical functions and is
also recorded on a channel of the tape for the replay logic;
(d) the output of the AND gate is counted by the 4.D.C.

10 stage counter, the information from which is passed into a
ten stage parallel shift register whose outputs are then
written across the tape in the form indicated at the side

of fig.10,

The system parity bit is generated from the A.D.C.
parity, the chennel identity and the time code bit as shown.

The amplified output of a microphone or the output
of the radio receiver may be written on the audio track.

“wo tape decks are used, They are the TDR4 model
of Thermionic Products (Electronics) Ltd., with speeds from
15/8 i.p.s. to 15 i.,p.s. and fitted with 16 track record and
replay heads to $.B,4.C. spacing for 1 inch tape.,

4s has already been indicated, any ome channel of
information may be replayed on a pen recorder while recording
is in progress; This is the only safe way of making sure
that the information is being recorded correctly, Fig.ll
shows schematically how this is done.

Bach track of the replay hesd drives a 2 stage,
capacitance coupled head amplifier through a capacitance

and a 1k Sl resistance.
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The positive and negative peak detectors (discriminators)
give logic outputs by diode clipping at controlled threshold
voltages which drive the replay logic boards, The channel
selector for the single channel digital-to-analogue converter
(DeA.C.) suppresses 9 ouﬁ of 10 of the A;D.C.Samples allowing
samples of the one selected channel through to the single
channel D,A.C, the output of which drives the pen recorder via
an awmplifier,

At the same time visual indication of correct channel
identity replay is given by a red lamp which is driven by a
monostzble triggered by the channel identity replay logic.

This logic should be a logicel 'l' for 1 millisecond in 10
which produces a steady visible flicker in the lamp,

A time code bit detector operated manually can be
used to drive a green lamp every time a second, minute or
gquarter hour marker is detected. These monitoring facilities
are used to ensure that information is being correctly written

on to the tape.

ITI. -:LABCRATORY REPLAY SYSTEM

In the laboratory the recorded seismic information
is replayed at real time speed to a 10 channel digital=to=
analogue converter driving a multi-channel galvanometer

recorder, Fig.l2 shows the schematics of this process,
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3 = Laboratory replay system,




The head smplifiers, peak detectors, replay logic
and audio channel of fig.l2 use the same hardware as the field
replay system although the channel selector switch must be in
its non-operative position to allew all information through to
the replay logic. The remaining elements of the diagram are
concernad either with the 10 channel D,A,C. or the visual display
of the recorded system time and as bcocfore will be discussed
briefly in turn,
1. 23 bit series shift register
The contents of the time code bit replay logic are
continually fed into a 23 bit series shift register.
2. BSecond marker detector
Any second marker is detected by an AND gate which
examines the three oldest bits in the series shift register
for the 101 opening phrase and the two newest bits for the OL
closing phrase.
3. 16 bit parallel shift register
dhen a second marker is detected the contents of
the sixteen stages of the series shift register are shifted
out into a 16 bit parallel shift register (N.B. the remaining
2 bits constitute the second, minute or quarter hour phrase),
ko Visual display of recorded time in hours, minutes and seconds
The contents of the above 16 bit parallel shift registers

are displayed using 16 D.M, 160 tubes.
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The channel shift pulse generator and the 10 x 10
bistable storage matrix arerused to ensure that each channel
of the 10 channel D,A.,C. receives the 10 bits of information
which constitute one sample of a particular seismic channel,

The 1C chennel D.A.C. generates a drive current
having a zero order hold form (i;@. a 'staircase') which drives
galvanometers of an ultra violet recording oscillograph by
using them directly in passive adder circuits, An example

of a trace is shown in fig.l3.
ITI. PUNCE REPLAY SYSTEM

This transfers the recorded seismic information,
timing, channel identification and parity information to punched
paper tape using flux sensitive replay heads and a slow replay
speed, The schematics of this facility are seen in fig.l#.

The peak detectors and the replay logic use the same
hardware as the field replay system while the 23 bit series
shift register, the 16 bit parallel shift register and visual
display of system time use the same hardware as the galvanometer
replay system.
1. BSlow speed transport

“his deck, having speeds of from 15/128 i.p.s., to 15 1eDPeSe,
is fitied with a special head for flux sensitive replay.
“his is necessary because the speed of operation of the synchronous

punch is 100 characters per second so that for the recording system
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rate of lke/s, a time scale expansion of 32 is used in order
not to overload the punch,
2. 232kc/s.

The flux sensitive head uses a gapped ring modified
so as to permit the reluctance of the ring to be switched
between a high and a low value at a high freqﬁency. The flux
being driven round a ring by the magnetomotive force of the
recorded signal is therefore 'chopped' at the switching rate,
and the signal flux is converted to a fixed frequency alter-
nating flux whose amplitude is proportional to that of the
recorded signal. The two windings on each track are an
oscillator winding and a read winding giving an amplitude
modulated output at twice the oseillator frequency. The output
of the read winding is amplified and demodulated to give the
flux sensitive signal output which is then shaped and
‘differentiated simulating the conventional replay process,

The gate waveform generator and punch control are
instrumental in ensuring that the thirteen bits of\informaﬁion
together with a punch parity bit from the parity generator are
recorded on the tape in two 7 bit words. |
3. DSpecified second marker detector

The system time at which it is required to start
or stop punching may be set up on 18, 2=way, centre=-off switches,
This is vital bearing in mind that a 930ft reel of tape takes

approximately 30 minutes to store 55 seconds of recorded data.
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The contents of the 11 stage counter used to count
the number of characters punched each recorded second are moved
into an 11 bit parallel shift register the outputs from which
are displayed on DM 160 tubes for about 32 seconds for each
recorded second of data. If an error occurs in the system
and the number of characters punched per recorded second is
incorrect then a red error warning lamp is 1it up.

@ A1l the hardware involved in these three units uses
transistors as opposed to valves throughout and the only H,T,
line is an unstsbilised +50 volt line reguired for the DM 160
tubes. The analogue and digital circuits have all been
constructed on veroboard circuit board except for the pre-
amplifiers, the construction of which was contracted out using
specially designed printed circuit boards. The system is built
as 2 number of separazte 19 inch chassis and these are placed into
19 inch cabinets, The equipment is run from an A.C. mains supply
or from a mains generator fitted to a Land Rover.

The station recorded at a speed of 15/4 i.p.s. over
the period of the shot times only and recorded all 45 shots.
Some trouble with one or two channels was encountered, channel 3
refusing to work throughout the whole period. The main problem
was with livestock damaging the land lines although considerable
care was taken in Pouttng the ceble along the tops of walls and

hedges, This problem was considerably reduced =t the other
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stations along the peninsula becazuse of the design of the
F.lMe recording system at these stations,

Computer programmes had been developed by Dr. Lucas
for handling the paper tapes on an Elliott 803 computer installed
in Durhamn, However, eurly in 1967 Durham and Newcastle Universities
acquired an IBM 360/67 computer which, in spite of its\obvious
advantages, posed the problem of having to change the data hendling
system completely. A special programme written in PL/1l was developed
to read the paper tapes into the 360 and to store the data on
computer magnetic tape. Appendix C describes this programme

and some of the problems involved.

These last 5 stations were all situated on the granite
outcrops along the south western peninsula. An effort to place
the seismometers and geophones on the solid rock was made but
often frustrated by the deep overburden of weathered granite and/or
so0il., Open shallow pits were dug at the Dartmoor, Bodmin Moor,

ok

Hensbarrow and Carnmenellis sites while the streamlined geophones
at the Land's End station were augured into 3 or 4ft deep holes,
No calibrations of instruments were made at any of these Tfive
stations,
G. Scilly Isles stations (49955.4'N., 6°10.4'W)
F.M. recordings were made of ﬁwo vertical Willmore

Vark II seismometers set approximately 400 metres apart and
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recorded at high and low gein levels. The station recorded
most of the 45 shots. It was operated by a team from the

UKAEA seismology unit at Blacknest under the direction of

Dr, H.I.5, Thirlaway.

H, French Station 1 (48°33.1'n,, 4°14,.5')
I. TFrench Station 2 (48°27.9'W., 4°10.6'W)
J. French station 3 (48%23.2'w., 4°07.6'W)
K. French station &4 (48°17.8'w., 4°ck,2'w)
L. French station 5 (48°13.0'w., 4%01.6'W)
M, TFrench station 6 (48°08.2'W., 3°58.0'W)
N. Fronch station 7 (48%2.5'w., 3°52,7'w)
O. Trench station 8 (47°56.7'W., 3°52.0')
P, TFreunch station 9 (47053.1'N., 3046.9'W)

G. TFrench station 10 (47035.6'N., 2% 81i)

These ten statlons were portable seismic stations

consisting of single selsmometers, the outputs of which were

recorded on paper. The stations were set up in north western
France extending line 3 from Landerneau to Rosporden., Stations

1 and 8 proved to be useless but all the other stations recorded

most of the line 3 shots,

R, THskdalemuir array station (55020.O'N., 5009.6‘W)

This is the UKAEA seismic array station consisting of

&
!

F.Me recordings of an 'L' shaped array of 20 Willmore Mark IT

seismometers (l¢/s). The station is describsd by Truscott (1965),.
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Signel to noise levels were low because of the large distances
of the station from the shots but most of the line 3 shots were

recorded by the station and the data is incorporated in this

gtudy.

In addition to the above 18 land stations it was
hoped that a soncbuoy station would have been occupied halfway
along line 2 while lines 2 and 3 were being shot and that this
station would then be removed to the end of line 1 for the final
line of shots, Unfortunately, inclement weather conditions were
expected and the stations were not set up. The otherkc&sualty
was a land station instelled near S5t. David's Pembrokeshire by
the Birminghem University Geophysical group. Several problems
were encountered rendering the data unusable.

From the foregoing it is obvious that although the
shot firing routine was meticulously handled by the Hydrographics
Department, the recording side of the experiment suffered various
difficulties, The effect of these shortcomings will become
apparent later, In spite of this, large amounts of data were
collected and the next section deals with the preparation of

the data for processing.

2.2 Dats preparation

411 the data collected from the British and Irish
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stations was used in this study. Revoy (1969) has been working
with the data collected from the French stations but the P-wave
data from these stations has been communicated to Durham by

M. Revoy and is also incorporated in this study.

As a first operationvall the magnetic tape recordings
of all the shots were played out on to vpaper. Doubtful arrivals
on the F.M. records were enhaznced by frequency filtering for
identification purposes only. Ho filtering was applied to the
digital records. First arrival ocnsets of unfiltered records
were read off to the nearest 0.0l second and corrected to
absolute time by adding in the time encoder corrections, Travel
times of first arrivels were then calculated and corrected to a
sea level datum by adding the approximate height corrections (th)
given by :t=-

th = shot depth - station height
S5kn/sec

In most cases this term is of the order of ~0,053ec,

Another slight adjustment was made beczuse of the
uncertainty in the position of the chots. The station positions
are accurate to within 200 metres but it will be noted that the

1

shot positions with the least uncertainty are known only to within

.

500 metres, Some of the more distsnt shot positions are known
only to within 2 or 3Zkm. At close ranges, assuming a velocity

of Skm/sec, a distance error of O.5km is equivalent to a timing

error of 0.1 second and at large ranges, assuming a velocity of
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8km/sec, a distance error of lkm is equivalent to a timing
error in excess cof O.lsec. It is thought that only in a few
cases 1s the uncertainty less than C.lsec, Thus the travel
times have been corrected to the nearest 0.05 second, This
correction is hardly necessary but it serves. to emphasise the
uncertainty in the travel times and it is in this form that
they have been used throughout this study.

Shot = station ranges were calculated on a digital
computer using two different methods, the one acting as an
independent check on the other, The first method, originally
programmed by 4. L. Lucas (1966) uses formula 5 given by
Bullen (1963, page 155). The second method, claimed to be
much more accurate at short ranges, is known as the Thomas
method which has been used in many American refraction
experiments (Steinhart, personal communication), In fact
both methods gave rsnges which are within 0.2km of each other
and in most cases within O,lkm but the results given by the
Thomas method are used in this study.

Appendix B lists the omset times, ranges, sea level
datum corrections and first arrival travel times for all the
shots received at all the stations. Doubtful arrivals have
not been included,

A further preparation of the data takes the form of
stacked records of individual shots at each recording station,

Individual traces of shots are mounted at their respective
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distances on a reduced travel time, distance framework,

The reduced travel time is given by the relation :

= T -0/6.0

Tcalc observed

.

where TC iz the reduced travel time in secs.

ale

T is the observed travel time in secs.
observed

A is the range between shot and station.

6.0 is a value selected as an estimate of

crustal P-wave velocity.

The scale chosen is such that 5sec along the time axis equals
40km along the distsnce axis which is a scale that others

using this technique, notably Landisman (personal communication),
are advocating as & standard, It was found that traced drawings
of the seismic records provided the easiest form of display.

The use of these stacked records will become apparent in a later

chapter,




CHAPTER 3

The classical method of interpretation of the south

west England seismic refraction data in terms of homogeneous

Wi

layers separated by plane surfaces is described in this chapter.

It is also assessed in terms of its usefulness for the inter-

pretation of seismic refraction data in general, The problems

inherent in the method are discussed and, in particular, the
problem of inhomogeneity is emphasised. The upper crustal
variations in the vicinity of the shots of the south west
Zngland experiment are described and the adjustments to the
travel times which were made to correct for these variations
are presented, The travel time graphs of first arrival data
only at each receiving station are described and interpreted
in terms of velocity-depth structure. The results of a tinme
term analysis applied to two different sets of data are also
given and the efficacy of such an approach to the analysis of

data from the south west England experiment is discussed.

%3.1 The classical method

In addition to the assumption of homogeneous plane
layering, the classical method also assumes that the layers

exnibit a step=-like dncrease of velocity with depth. Travel

time-distance graphs are constructed and straight lines are




fitted to the data, in this case, by the method of least

squares which has‘been programmed for use on the IBM 360/67
computer (see Appendix D). For the simple case of a horizontal
layer overlying a half space, the travel time graph takes the
form of two segments, the inverse slopes of which represent the
velocities above and below the discontinuity. The depth to the

discontinuity is given by the formula

where Z = depth to discontinuity,
Ti= time intercept for Vi segmenty,
V.= velocity above the discontinuity,

V.= velocity below the discontinuity,.

The above formula can be modified for the multi-layer case,
In crustal structure studies this method has been
found to be the most effective in the evaluation of basement
and sub-Mocho velocities and in the determination of crustal
thicknesses., It has been used as the basis for refraction
experiments in most pérts of the world, Many refer;nces
may be given here but the reader is referred to James and

Steinhart (1966) who give a critical review and comprehensive

bibliography of explosion studies in the perioed 1960 - 1965,




The statistical uncertainties inherent in the
seismic refraction method are discussed in detail by Steinhart
and Meyer (1961). The basic assumption of planar homogeneous
layers exhibiting step~like increases of velocity with depth
are often violated in the field. Thus there are several sources
of error inherent in the acquisition of least squares velocities
and depths to refractors from travel time data. They are listed
below =
(i) Errors in shot/station position.
(ii) ©ZBrrors in picking onsets.
(iii) Deviations of the interface irom a plane.
(iv) Lateral velocity variations
(v) Surface irregularities (topographic differences),
(vi) Hidden changes of velocity with depth,

(vii) ©Non=-reversal of refraction lines.

Items (i), (ii), (iii) and (iv) will appesr as residuals
from the least squares lines and thus will be inc¢luded in the
estimate of uncertainty. Corrections can be applied to minimise
the uncertainty due to item (v) but items (vi) and (vii) will
provide sources of error which are more difficult to assess,

Any hidden changes of velocity with depth will result
in incorrect estimates of depth to a particular boundary. An
unreversed reiraction line results in unreversed estimates of

velocities, An unreversed velocity is, in itself, unreliable
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and can greatly increase the estimates of uncertainties on
other values dependent upon it for their evaluation. A
properly planned refraction experiment should eliminate the
possibility of an unreversed velocity, lowever, even the

best planned experiment is not able to cater for all event~-
ualities and some refraction lines, or parts thereof, may be
unreversed by the failure of a certain shot or station required
to give Tull reversal,

For the south west Zngland experiment the estimates of
uncertainties were calculated in the form of standard errors on
the velocity and time intercept values given by least squares.,
The following sections presenting all the velocities obtained
in the experiment by the least squares method will include
discussions on the reliability of these values., Unreversed
portions of the lines have been recognised and steps have been
taken where possible to minimise the uncertainties resulting
from this potential source of error. A histogram of travel
time residuals from least squares lines reveals that their
distribution is symmetrical and almost normal (see fig.,l5).
Therefore the author is confident that, except where stated,
the velocity values given are reliable within the 95% confidence
level indicated by twice the standard errors. On the assumption
of there being no changes of velocity with depth}the depth

estimates given are also reliable within the 95% confidence




*pPepnToUT 0STR® OT
SAJIND. TeWIOU PSLBTNOTEO B[ *juewrTaadxe pueTSuy 2S9M UY3NOS oYL IO BLED
SWTY TeA®I] TeATII? 3S8JATI OU} WOIJ STenpTsed segenbs 3sveT oys jo WeIdoqsSTH *CT*8T4

'SO3S  STvnadls 3y

OG-+ OV + Q€+ ogT-+ 0]

.....

.....




level indicated by twice their standard errors.

2.2 Adjustments for upper crustal vaeristion

The classical method has been applied to the first
arrival travel time data of the south west England refraction
experiment, Attempts have been made to make allowances for
the varying thicknesses of sedimentary material which are known
to be present throughout the region. For line 1, this was a
relatively simple matter, It was noted from previous work in
the area (see Chapter 1 of this thesis) that the seismic stations
set up earlier in the vicinity of this line indicated a thickening
wedge of sediments at its western end, Most of the short
refraction profiles were unreversed and there is no gravity
control of the area so that true sediment thickness can only
be estimated, Table 1 gives the sedimentary delay time for
each shot position of line 1 used in this preliminary inter-
pretation. These values were calculated using the sedimentary
thicknesses indicated by the earlier stations, and were added
to the first arrival travel times of the line 1 shots,.

Hor lines 2 and 3 there is very little seismic control
of the shallow structures, However, a gravity profile along
the two lines was undertaken in 1966 and 1967 by the University
of Durham and the Bouguer anomaly profile is shown in fig.l6,

The profile is being interpreted by Mr, B, Ward as part of the




Table 1. Sedimentary delay times for the line 1 shots

Shot no. Delay time (sec)
1 .52
2 o33
3 022
b W15
5 012
6 W11
7 .08
8 .07
9 .07

10 .06
11 .05
12 .05
13 .05
14 .05
15 05
16 .05
17 .05
18 .05
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M,5c. course at Durham but the author has attempted a simple
interpretation of part of it aided by personal communication
with Mr, Ward, The main features are the three gravity lows.
The central low has been interpreted by Bott, Day and Masson=-
Smith (1958) and Ward (personal communication) to be caused by
the south west Ingland granite batholith, The southern low is
interpreted by Ward (personal communication) to be a mass of
granitic material extending to approximately 6 km depth, The
northern low is assumed to be the westward extension of the
sedimentary basin reported by Blundell et al (1968). An
interpretation of the northern anomaly in terms of sedimentary
depths is shown in the lowest section of fig.22, A density
contrast of ~0.15 gm/cc and the smoothed Bouguer anomaly curve
shown in fig.22 were assumed and depths were calculated using
a computer programme (NTRAP) developed by Allerton (1968) at
Durham University, A sedimentary velocity of 3.0 km/sec was
used to calculate the sedimentary delay times at each shot
point, However, it was found that these delays increased the
scatter of the travel time data at both the Irish and Land's End
stations and, in the absence of any other information, no
correctisns have been applied to the data from line 2.

The problem of limited data also occurs alohg line 3,
The short seismic refraction profiles about 50 km to the east
of the line give indications of a wedge of sediments thickening

southwards to about 3 to 4 km depth in the middle of the Channel




(see Chapter 1), These profiles were mostly unreversed

and it is uncertain how the sediﬁenﬁs vary laterally especially
in the region of line 3, The gravity profile gives no
indication of a gravity low immediately to the south of Land's
End and, indeed, maintains a relatively uniform high level for
some distance between the two southern lows, Thus estimatés
of sedimentary delay times cannot be calculated with certainty

and no corrections have been applied to the data from this line.

3.3 First arrival travel time graphs

First arrival travel time grephs for every station
are presented in this section. The travel times have been
plotted in their reduced form (T -&/65) against distance (&),
The striking feature of all these graphs (except those of
Dartmoor and Eskdalemuir, which only give one segment) is that
the data is best fitted by two major straight line segments
with a crossover distance of about 120 km, the arrivals
representing seismic waves which have itravelled distances
greater than 120 km fit lines giving velocity estimates of
approximately 8.0 km/sec., These arrivals are interpreted as
the head wave from the Mohoroviecic discontinuity at the base
of the crust and will subsequently be referred to as Pn
arrivals, The other arrivals, representing seismic waves
which have travelled less than 120 km, fit lines which give

velocity estimates of a little lower than 6.0 km/sec.
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These arrivals are interpreted as the head wave refracted
from the crystalline basement and will subseguently be referred
to as Pg arrivals, The results given by the least squares
process, which has been applied to the travel time data of all
the stations, are given in table 2.

No secondary P_ arrivals have been picked from the
data at any of the stations., The amplitude of the first
arrival out to about 120 km falls off rapidly and becomes
almost lost in noise near that distance. A second arrival
which folleows the Pn arrivals at distances greater than 120 km
and arrives approximately at the calculated Pg time is not
thought to be a true Pg arrival because of its large amplitude.
This matter will be discussed further in a later chapter.
Secondary Pn arrivals, at distances less than 120 km, have not
been recognised at any station although they will be present,
They are masked by other, more energetic arrivals coming in at
a similar time,

At close ranges one or two of the stations give
evidence of lower velocity segments and most stations show
small positive ?g intercepts. There is also considerable
scatter of the data about the straight line segments, These
observations reflect the variability of the near-surface
geological structure with an irregular basement Surface and
lateral irregularities in the topmost layers of the Earth's

crust, These layers consist generally of variable thicknesses




lines to the travel time data of the sough west Bngland

Table 2.
experiment

Standard

: error on

Station Line Phase Velocity Velocity
Dartmoor 1 P 8.00 I .07

n
Bodmin Moor 1 P 7.93 % ,o0b
Bodmin Moor 1 P, 5,77 I .10
Carnmenellis 1 Pn 7.98 .06
Carnmenellis 1 Pg 5.92 z 03
Land's Ead 1 P 7.99 % .08
Land's End 1 Pg 5.88 o3
Seilly Isles 1 P, 7.72 L ,16
Soilly Tsles 1 P east 5.9 I .03
Scilly Isles 1 P_ west 5.79 ¥ .03
Waterford 2 P 8.62 I o9
. +

Waterford Pg 5.88 - 07
Land's End P 8.15 .29
Land's End 2 P 5.62 I .,06
Zskdalemuir 2 P 8.18 I .12
Lend's End 3 P 7.63 .38
Land's End 3 P, 5.61 .07
Fremch sts. 3  P_ 8.07 I .05
French sts. 3 P 5,80 I o7

Time

intefcept

555
5.46
=0,12

5.85
0.%6

557
0.18

b.97
0.19
-0,10
8.06
1.04

6.68
0.03

7459

6.09
0.15

-}

L E F N T A

I+ 14+ B+

I+ i+

i+ 1+

i+

i+ 1+

i+ i+

Results of the least squares process of fitting straight

Standard
error on
time
interecept

23
13
o531

07

o2k
.17

71

<15
«93

«93
17

12
.19

No,
of
Obs,

13
11

oo

10

o~ 0 On I

~3 W

12

Ak

12
22
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of low velocity sediments and locally, in the granite batholith
area, of weathered granite.

The travel time graphs and interpretation of the
results from each line of shots will now be considered

separately.

3¢3.1 Line 1 travel time graphs

Only stations situated along the line of the shots
have been used in this study of the line. The French and
Irish stations received one or two of these shots but not
enough to plot on a travel time graph, The arrivals could
not be seen, even after processing, on the BEskdalemulr array
records. The travel times are corrected for the inferred
wedge of sediments at the western end of the line and the
travel time graphs of individual stations are described below.

(a) Dartmoor (fig.l7)

All the shot points for this station fall in the Pn
range (i.e. D 120 km). Several of the more distant shots
provided onsets which were difficult to pick with certainty
and they are not included.

| (b) Bodmin Moor (fig.l7)
The two well-defined segments, Pg and Pn, are

observed.




(¢) Carnmenellis (fig.18)

The two wellw-defined segments, Pg and Pn’ are observed
here also, The arrival from shot 13 at a distance of about 80 km
is approximately half a second later than would be sxpected and it
has not been included in the least squares fit.

(d) Land's End (fig.18)

The Pn segment 1s well-defined but the Pg segment is
slightly curved in the range O - 50 km in the form of a travel
time graph of arrivals representing seismic waves which have
travelled through a medium having a steady increase of seismic
velocity with depth. However, this form of graph can.also
result from a thickening wedge of sediment. The meaximum delay
is only about 0,25 sec representing a maximum thickness of 1.0 km
assuming a sedimentary velocity of 2.5 km/sec. At distances of
approximately 55 and 72 km the two arrivals are slightly early.
These points represent shots 12 and 13 which were exploded close
to the shores of the Scilly Isles and, presumably, upon the
outcropping granite with no consequent sedimentary delay time.

(e) Bcilly Isles (fig.19)

The arrivels at this station form two groups, one
comprising arrivals travelling from west to east and the other
comprising arrivals travelling in the opposite direction, The
Pn velocity is low which reflects the problem of the thickening

wedge of sediments at the western end of the line. The standard

error of the slope of the line is large and this reflects the
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paucity of points and inaccuracies of the delay times used in
the analysis in order to make allowances for the wedge of
sediments., The scatter on the western P line can be explained
&
by an uncorrected veriation in thickness of sediments beneath
shots 5 to 8. The eastern Pg line gives a slightly higher
velocity than the western one but the difference is not significant,.
Slightly varying sediment thicknesses on either side of the Scilly

Isles could account for this variation,

3.3.2 Interpretation of line 1 travel time data

The Pg velocity measured at all the stations is
remarkably constant within the error limits given, The estimates
of velocity at each station can be combined to give an overall
estimate of P velocity of 5.85 2 .05 km/sec. This velocity
represents the seismic P-wzve veloQiﬂy within the granite and
it is pertinent here to look at the work which has been carried
out on the behaviour of P-wave velocities in granites under
varying pressure and temperature conditions.

Birch (1958, 1960), studying the effects of pressure
only, found that the P-wave velocity in granites increased
rapidly to pressures equivalent to about 3 km depth and thereafter
increased only slowly as the pressure increased to the equivalent
of a crustal thickness of 30 km. Hughes and Maurette (1956),

studying the combined effects of temperature and pressure, found




similar results to those of Birch except that the velocity
tended to remain constant or decrease a little after the initial
increase of velocity with depth. Thus there is evidence that
the P-wave velocity within a granite is almost constant below a
depth of about 3 km but that there is a considerable increase

of velocity down to this depth.

Assuming the rate of increase of velocity with depth
indicated by Birch (196C), the energy of shols more than 20 km
away from a station will have travelled down to about 3 km and
thus should indicate the maximum velocity present in the granite,
For the south west England experiment few shots are situated
less than 20 km away from each station with the result that the
velocity obtained from the travel time data should represent
this maximum velocity. Nevertheless, a study of the travel
time graphs indicates that the near shots do tend to weilght
the estimates of the velocity to lower values and thus it is
expected that the maximum velocity may be a little higher,
perhaps about 5.9 = 5,95 km/sec, However, beéause of the
evidence that the P-wave velocity tends to decrease a litile
with Increased pressure and temperature, it may be assumed that
5.85 km/sec is a reasonable estimate of the mean velocity within
the graunite. The significance of this observation will be

discussed in a later chapter.

12



The Pn velocity seen at all the stations except that
of the Scilly Isles is also remarkably constant, The combined
estimate is 7.95 z .C5 km/sec, However, this velocity has been
obtained looking in the direction of shot to station, i.e. it is
the apparent velocity in one direction only. In order to obtain
an estimate of the true Pn velocity and to calculate the dip (if
any) of the Moho, the line may be reversed by plotting the travel
times of the first arrival of a particular shot at each of the
recording stations. In this way the apparent velocity in the
direction stations to shots can be ascertained, There is still
the problem that the apparent velocities have been measured in
different portioms of the line, i.e. in the region of the shots
and in the region of the stations, If the dip of the refractor
changes along the line, the true Pn velocity is impossible to
calculate, If the refractor can be assumed to be a plane
dipping uniformly across the whole region then the two apparent
velocities can be used to give aﬁ estimate of the real Pn
velocity and the dip of the refractor.

This has béén done for line 1 of this experiment,

The first arrival travel time data for shots 3, 5, 7 and 8
arriving at the Land's End, Carnmenellis, Bodmin Moor and
Dartmoor stations were fittzd by a least squares straight line
in the usual manner., If the angle of dip is small (£ 3°)

then the real Pn velocity is the average of the apparent
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velocities in both directions. By fitting a straight line
to the travel time data of a number of shots at an equal
number of stations one obtains this average velocity.

Thus the real Pn velocity is found to be 8,07 : «07 km/sec,

This would indicate that the Moho is dipping at an angle
of 34 minutes towards the west but because of the errors

involved, this dip can be regarded as negligible,

5 18 L.,8, C B D
. i b i ]
Moho
T 1]
' 3
[
1 &—— Truly reversed-——>
l i
Vertical scale D = Dartmoor,
exaggerated

[l el

B = Dodmin Moor,

¢ = Carnmenellis,
L, Bs = Land's fnd.
8, I, = Scilly Isles.
e o & - kS P P
5, O, 10 = shot numberse
Pig. 20, The extent of line 1 giving a truly reversed

Pn velocity.
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The above result has assumed that the Moho is a
plane dipping uniformly across the whole region, If the
apparent velocities in both directions could be measured

in the same region then a truly reversed P_ velocity and

B

an estimate of dip would be obtained, Figz.20 shows the

]

extent to which this can be done for line 1. The apparent
velocity given by the travel time data from shots 8 to 18

as seen at the Dartmoor station is the apparent velocity im
one direction beneath the Scilly Isles and Land's End stations.
Similarly, the apparent velocity given by the arrival tinmes
of any shot at the S8cilly Isles, Lond's fSnd, Carnmenellis and
Bodmin Moor stations is the apparent velocity in the opposite
direction in the same region, The position and length
of the reversed section depends on the critical distance
which is the distance between the source and point of
emergence of a ray which has been critically reflected

at the Moho, It will be shown in a later chapter that
this distance is about 65 km, Therefore the reversed
portion extends from about 32 km WSW of the Scilly Isles

to approximately 16 km ENE of the Land's End station, a

distance of about 108 kn,




Shot 3 was the only shot in the Pn range at all four
stations, It gives an apparent Pn velocity in one direction
of 7,91 = ,14 km/sec. The Dartmoor data gives an apparent P

velocity in thé opposite direction of 8.00 : .12 km/sec,

Therefore, within the error limits given there is no significant

dip of the Moho beneath the region of the Scilly Isles and Land's

=i

nd stations and the Pn velocity is not significantly different
from the apparent velocity in the directicn shots to stations,
However, because only one shot was used to give the reversed
velocity this estimate of real Pn velocity is not as accurate
as that gained by using the four shots and stations. Thus the
preferred estimate of real Pn velocity along line 1 is &.07 X
.07 km/sec.

The individual velues of intercept time, Pg and Pn
velocity for each station were substituted in the depth formula
given at the beginning of this chapter and the results are given
in table 3, The crustal thickness thus estimated assumes fhat
the crust is homogeneous with the Pg velocity remaining constant

L]

throughout. It will be shown later that the velocity increases

with depth within the crust resulting in a higher average crustal

velocity and a corresponding increase in the crustal thickness,
The results do not significantly differ from station to station.

Thus the combined estimate of crustal thickness along line 1 is

3.16

22.5 ¥ 1.1 km which will be a minimum estimate of the true crustsl




Station Depth

Dartmoor 21,55 : 1.67km (ngel. = 5,85km/sec assumed)
Bodmin Moor 22,96 % 2.03knm
Carnmenellis 24,16 £ 1.08km
Land's Bnd 23,37 = 2.32km
Seilly Isles 21.75 = 3,97km

Table 3, Minimum depths to the Moho for stationsdlong line 1




The small positive Pg inﬁercepts’indicate that the

main crustal layer is covered by a layer of low velocity materizal,
either weathered granite or sediments. Except at the end of the
line where the sediments are assumed to resch about 2 km thiCKness,
the low velocity material is calculated to be about 0.5 km thick,
assuming a sedimentary velocity of 2.5 km/sec. Thieg figure is

an average one but it does show that only a thin veneer of a low
velocity material exists along line 1 and, in subsequent inter-

pretations of this line, it has been ignored,

3.3.2 Line 2 travel time graphs

The Land's End, Irish and Eskdalemuir stations only
have been used in the analysis of line 2. Cther stations receilved
insufficient arrivals from the shots of this line to plot travel
time graphs, The travel times have not been corrected for
upﬁer crustal delays.

(2) Waterford (fig.21)

The ?n segment is well=defined with an apparent velocity
of 8.6 £ .09 km/sec. The Pg segment shows that shots 42, 43 and
4l have progressively larger positive residuals but that residuals
from shots 45 southwards are similar, All the shots giving Pg as
a first arrival are szituated in the region of the low Bouguer
anomaly, interpreted as the westerly extension of a sedimentary

basin in the Irish Sea (see section 3.2). Shots 42, 43 and 44




are situsted over deepening parts of the basin so that the
least sguares ?g velocity of 5.88 km/sec may not be a good
estimate of the Pg velocity in this region.

(b) Land's End (fig.21)

The scatter on the data from this station is large.
It is all the more difficult to explain for the Pg segment
when one notes that the travel times of the same shots fit a
good,Pn segment at the Irish station. The travel time of
shot 31 has been ignored in the least sguares analysis, At
first sight both the Pg and ?n velocities would seem to be
gignificantly different from those at the ofther end of the line.
The possibility that this is not a correct assumption will be
discussed in a later section,

(¢) Eskdalemuir (fig.19)

A1l the shots from line 2 are in the Pn range., A least

o,

squares fit of #l11 the data except shot 27 gives a Py velocity of
8,18 £ .12 km/sec. However, the scatter of the data makes it
difficult to obtain a reliable estimate of the Pn velocity.

The arrival from shot 27V is difficult to pick with certainty

and its approximate position marks a discontinuity in the travel

time graph which will be discussed later,

33,4 Interpretation of line 2 travel time data

5.18

The reason for the greater uncertainties in the velocities
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given by the travel time data from this line csn be Ffound in
the fact that the travel fimes have been uncorrected for upper
crustal variastion, The presence of the sedimentzry basin in
the northern half of the line creates a major problem in this
respect,

There is not enough information available for more
reliable estimastes of these velocities to be obtained but at
least some reasonable values can be assumed from the data of
the northern half of the line in order to extract a little
more information concerning the shape and depth of this basia,

A Pg velocity of 5.9 km/sec and a Pn velocity of 8.1 km/sec

have been assumed to calculate Pg and Pn residuals (observed =-
calculated) at the Irish, Land's FEnd and Eskdalemuir stations

for shots 42 to 24, The residual graphs, presented in fig.22,
are similsarly shaped confirming the fact that part, if not most,
of the observed scatter is caused by variatibns in the upper
crustal layers., If these variations are asgumed to be due to
varying thicknesses of low velocity material‘within a sedimentary
basin, then estimates of the thicknesses of this material at each
shot point can be obtained using the Pg residuals, The basin
has been assumed to be basically wedge=-shaped thickening in a
southerly direction away from the Irish coast. The thicknesses
thus obtained are shown in fig.22, These estimates can be

increased or decreased by changing the sedimentary velocity or
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by assuming a different basic shape. However, the velocity
of 3.0 km/sec is that indicated by Blundell et al (1968) and
the assumption of a wedge-like shape would appear to be
reasonable in this case. The apparent difference in shape
and depth of the basin as revealed by the seismic data when
compared with that given by the gravity data can be explained
most probably by the fact that the gravity data has not been
corrected for cross-coupling errors., However, the high frequency
components seen superimposed upon the broad gravity low may be
real and possibly due to shallow phenomena within the basin
itself,

Assuming the sedimentary depths given by the Pg
residuals then Pn delay times due to the presence of these
sediments can be calculated for the Eskdalemuir and Land's End
stations, If the observed arch-like shape of the residual
graphs is due solely to the presence of the sedimentary basin
then the subtraction of these delays from the Pn residuals
should result in its total disappearance (see open circles on
fig.22). For the Eskdalemuir data this would appear to be
the case but for the Land's End data the shape is modified
only slightly, This may be dﬁe to observational errors but
it is equally possible that it could be real. The significance
of this possibility will be discussed in a later chapter.

The unreliabilities of the Pn and Pg velocities

obtained from the data of shots 25 to 21 are too large for




useful information fto be extracted from residuals, The Pg
velocity of 5.60 km/sec is suspiciously low when compared with
the 5.8 km/sec velocity found by Merriweather (see Chapter 1

of this thesis), Shots 25 and 26 are situated over the southern
margin of the sedimentary basin and thus arrivsls from these shots
will be delayed ,weighting the Pg velocity estimate to a lower
value, Therefore it is probable that the real Pg velocity is

in excess of 5.6 km/sec. The geclogical similarities north

and south of Land's End tend to suggest that the Pg velocities
should be similar also, It will be shown in a later section
that the Pg velocity south of Land's End is 5.8 km/sec and it

is thought likely that this is a better estimate of the real

Pg velocity along the southern part of line 2. The apparent
difference of Pg velocity in the northern and southern regions

of line 2 is therefore not thought to be as great as the travel
time data would suggest,

The Pn velocity, as given by the travel time data at
the Irish station, is unusually high, The travel times of
arrivals from the shots of the southern half of line 2 at the
Eskdalemuir station also form a higher velocity segment than
the Pn value given by all the data from this station, On
the other hand the Pn velocity seen at the Land's End station
is more normal although the scatter of the data is large.

This difference in Pn velocity as seen from the two ends of the
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line may be explained by the presence of a dip of the Moho
towards the north. However, the amount of dip and true Pn
velocity are difficult to obtain with certainty because of

two major problems, Firstly, the distance between the Irish
and Land's End stations is not large enough to ?ermit overlap
of the two segments thus apparent velocities are seen for
different reglons of the line, (This problem is overcome to
some extent when the Eskdslemuir and Land's End stations are
used. In this case the Pn segments overlap in the region of
shots 42 to 26 and thus the northern part of the line can be
properly reversed,) Secondély, the standard errors on the
apparent Pn velocities are large and the Pg velocity is not
accurately known. However, assuming this velocity to be

5.8 km/sec, and that the Moho dips uniformly along the line

of shots, the apparsent velocities seen at the Irish and Land's
End stations give a Moho dip of 1.5 degrees towards the north
with a real Pn velocity of 8.35 km/sec. The Eskdalemuir and
Land's End Pn velocities give a real Pn velocity of 8.22 km/sec
and a Moho dip of 0.5 degrees in a northerly direction. In
spite of the large uncertainties involved there is thus soue
evidence of a northward dipping Moho somewhere along line 2
with a slightly higher Pn velocity than that found along line 1.
The fact that the gravity regional tends to decrease northwards
along the northern half of the line isg in agreement with a}

northward thickening crust in this region.




The above estimates of dip sznd sub-Moho wvelocity

have been obtained assuming a homogeneous layer above the Moho

with a velocity of 5.8 km/sec. The discontinuity in the

region of shots 26 and 27 on the Eskdalemuir travel time graph

has already been noted (see section 3.3.3). This discontinuity

coinclides approximately with the steep gravity gradient along

the gravity profile described in section 3.2 which can be

interpreted as being caused by the simple inwardly dipping,

possibly fault bounded margin of the sedimentary basin. An

alternative interpretation of this gradient may be that it is

caused by a thrust from the south carrying denser material over

less dense sedimentary material beneath (see fig.23). This

N
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Suggested structure in the upper crust along
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gradient coincides with the approximate westward extension of
the line of the gravity gradient over Exmoor described by
Bott, Day and Masson=-Smith (1958) and Al Sadi (1967). This
has been interpreted by them to be a thrust which has carried
the outcropping Devonian rocks northward across a large basin
of Carboniferous and Devonlan rocks,

A southward thickening wedge of higher velocity
material resting on lower velocity material would have the
effect of progressively decreasing the reduced travel times
of seismic waves transmitted from shots situated on the wedge
to the Irish and Eskdalemuir stations (see fig.23). This
would result in an anomalously high value for the apparent Pn
velocity as seen at these two stations. It is calculated
that & real Pn velocity of 8.0 km/sec would become an apparent
velocity of 8.6 km/sec at the Irish station if a wedge of high
velocity material was present thickening from O to 5 km in the
region between shots 26 and 30 at the expense of less dense
sedimentary material beneath, Depending on the exact nature
of the wedge, the Moho could then be flat-lying or slightly
dipping in either direction at least along the southern half
of line 2. The evidence for this suggestion of a thrust is
tenuous but it is in the author's opinion that the seismic

data from the region south of shot 26 may be better explained

by such a complex structure than by the assumption of a Moho

dipping uniformly along the 1éngth of line 2. >
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%,%,0 Line 3 travel time graphs

Arrivals recorded at the Land's End station and at
the French stations 2, 3, %, 5, 6, 7, 9 and 10 are presented
here. No corrections for varying thicknesses of sediments
have been incorporated in the travel time data.

(a) Land's End (fig.2hk)

The Pg and Pn segments are not at all obvious,

Shots 39, 40 and 41 only are in the Pn range thus the least
squares velocity of 7.6 z .38 km/sec is unrelisble as the
large standard error suggests. The ?g segment exhibits

an offset between shots 35 and 36. The least sguares Pg
veloeity using shots 32 to 39 is 5.61 z .07 km/sec and the
reliability of this estimate will be discussed in a later
section.

(b) French stations (fig.2h4)

The data available from these stations 1s severely
limited by the poor guality of the selismograms,. Paper records
only were obtained =and the outputs of the seismometers were not
filtered before rgcordimg. Consequently7long period micro=-
seismic nolse tends to obscure arrivals particularly of distant
eventé. |

Insufficient data is available from any one station

to give & good estimate of the apparent Pn velocity. Therefore
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all the Pn arrivals have been plotted on a single graph to

which a straight line segment has been fitted by least sguares.
This gives an estimate of the real Pn velocity assuming that

the Moho is a uniformly dipping plane surfoce. The Pn velocity
is thus estimated to be &,07 - .05 km/sec although the reliability
of this value is probably not as good as its standard error would
suggest.

Apparent Pg velocities were obtained by fitting least
squares lines to the data of the french stations 2y 3, %, 5 and
6. ihese gave velocities of about 5,7 km/sec. It is known
from the geology of the area that the thickness of low velocity
material increases generally northwards from the Brittany coast.
This velocity estimate will, therefore, be anomalously low,

The velocity obtained from least squares fits of the travel
times of arrivals from individual shots to several stations
is approximately 5.85 km/sec, This is an estimate of the

apparent Pg velocity in the directiocn stations to shots.

& least squares fit of all the Pg data gives a velocity of

+

5,80 = 07 km/sec. This is assumed to be the best estimate

of the real Pg velocity available from the data.

3.3.6 Interpretation of line 3 travel time data

A study of the Pn residuals from the least squares

straight line shows that they are all less than + 0.1 sec




which would suggest that the Moho is not dipping significantly.
Revoy (1969) concluded from a more sophisticated study of the

data that there is no significznt dip of the Moho in the region

between shot 38 and the French station 7. The author would
extend the regions beneath which there is a flat-lying Moho to
include most of the shots from line 3 and adds that there is
no significant difference between the sub-Moho velocity along
this line and along line 1,

Assuming a ?g velocity of 5,8 km/sec and a Pn velocity
of 8,07 km/sec, the estimate of minimum thickness of the main
crustal layer is calculated to be 22.5 11,8 km, This is an
esgtimate of the average thickness of the main crustal layer
from the position of shot 33 to the French station 10. It
has been shown that the thickness of the low velocity sedim=-
entary material is expected to be of the order of 3 km in the
central part of the line of shots thinning to zero thickness
near the French coast, The travel time data have not been }
corrected for this vasriation and, although attempts have been
made to obtain reversed P and Pg velocities, the values thus
obtained may be slightly in error, The overall effect will
be that the minimum estimate of thickness of the main crustal
layer given above will tend to be an overestimate in the region
of the shots and an underestimate in the region ¢f the stations,

i.e. the depth to the bottom of the main crustal layer is
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probably constent but the thickness of the layer is decreased
at the expense of the low velocity sedimentary material in the
region of the shots,. |

In order to elucidate the structure of the uppermost
crustal layefs along line 3, Pg and Pn residuals have been
calculated in a similar manner to those for line 2, A Tew
observations of the shots from the northern end of the line
recorded at the Scllly Isles and Bodmin Moor stations are also
used here. It is found that if the Pg velocity is assumed to
be 5.6 km/sec for the northern end of the line then some of
the residuals at the Scilly Isles, Land's End and Bodmin Moor
stations are negative, A velocity of 5.8 km/sec is reguired
to maeke all these residuals positive and it is concluded that
this is a better estimate of the real Pg velocity in the
northern part of line 3, It is thus not significantly
differeﬁt from that found in the south. Therefore a Pg velocity
of 5.8 kn/sec and a Pn velocity of §.0 km/sec have been assumed
for the calculation of the residuals which are presented in
fig.25h.

The Pg residual graphs of all stations for shots 32
to 37 exhibit a similar shape. Arrivals from shots 34 and %5
are delayed relative to the other shots, This delay is real
because of the similarity at all stations. The wvariability
may be explained by the azimuthal variation of the direction
between shots and stations and by the presence of observational

errors,
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The interpretation of this shape in terms of variation
in velocity = depth structure is not a simple one. It is
possible that it could reflect the topography of the basement
beneath changing thicknesses of low velocity but homogeneous

fig.25 presents such an interpretation. A

sediment, &
sedimentary layer with a velocity of 3.0 kn/sec is assumed
to be resting on an undulating basement surface, The thickness
of the sediments increases southwards bto reach a maximum near
shot 35, The sedimentary basin then thins considerably beneath
shots 36 and 37, A study of the literature dealing with
sedimentary depths in this region reveals that the cone of
critically refracted waves from shot 36 is situzsted over what
is postulated to be the deepest part of a sedimentary basin
extendingvalong the English Channel (see Day et al 1956,
Hill and Vine 1965), Even allowing for inconsistencies in
the data of Day et al, due mainly to non-reversal of the
refraction lines at meny of the seismic stations, it would be
difficult to postulate that there is a basement rise in the
region of this shot, Thus an alternsiive explanation must
be found.

The work of Day et al (1956) on the depths of
boundaries within the sedimentary sequence shows that a saddle-

like structure occurs above the basement in the region under

study. It is postulated that the residual graph shape

3.29
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described above is due to the increased thickness of relatively
high velocity Pslaeozolc rocks at the expense of low velocity
Mesozolc rocks and possibly of basement material in the region
gsouth of shot 35, There are so rany variables in this picture
that any attempt to estimate relative thicknesses from the
south west England experiment data is unwarranted.

The Pm residual graphs for the French 2, 3 and 5

g

stations alsc exhibit a similarity of shape. The other Irench
station graphs, although similar, have not been included for
the szke of clarity. Very little can be inferred from the
pattern of the residuals because there is no azimuthal
variation in the stations giving these graphs. The relative
delays are small enough to be completely explained by shot
position errors., In fact, the completely opposite trend
exhibited by the Lend's End Pn residuals would tend to confirm

that this is the case.

3.4 Time terms

The time term approach to the interpretation of
seismic refraction data, originally described by Schiedegger
and Willmore (1957) and Willmore and Bancroft (1960), has
been used in the analysis of data from several seismic
refraction experiments, notably by Berry and West (1966a)

with a later re-interpretation by O'Brien (1968), by Smith,




Steinhart and Aldrich (1966) and by Blundell and Parkes (1968).
The method was applied to the first arrival travel tiﬁe data
collected from the south west England experiment using the
computational technique described by Berry and West (1966a)

and programmed for the IBM 360/67 computer., A description of
the programme and listing appesrs in Appendix B,

As has already been indicated, an examination of the
travel time curves shows that the travel time data cazn be
divided into two groups, each of which is associated with a
particular refracting horizon. Each travel time observation
can be divided into three parts; firstly, the time taken for
a seismic wave to travel from a shobt to a détector at the sub-
refractor veleocity, neglecting the presence of the upper layer;
secondly and thirdly, the delays introduced in the vieinity of
the shot and station by the seismic waves travelling at a lower
velocity down to and up from the refracting horizon. Within
each group, therefore, the travel time data between a systen
of shots and stations can be fitted by a series of equations
of the type

Tij = llij/v +oa, + bj .

where Ti. = the theoretical travel time between the i th
shot and the j th station,
v = velocity below the refractor,
a;= i th shot time term,

bjz j th station time term,

3.31



In an experiment involving n shots and m stations
it can be seen thalt a maximum of n x m travel time observations

is possible. In practice some of these observations will not

be made, However, there will be substantially more observations

than the n + m number of time terms and one velocity which are
the unknowns. Thus it is possible to eapply the method of
least squares to find a set of n + m time terms and, optionally,
the velocity v which best fit the above system of equations,
’There is a problem in that the solution thus gained will not

be unifgue with the time terms being determined only to within
an additive constant. One important requirement, therefcre,

in +the time term approach involves the physiéal interchange of
at least one shot and station position or the arbitrary assign-
ment of =z numerical value to one of the time terms.

For the south west England experiment shot 21 was
exploded on granite within 6 km of the Land's End station.

Shot 13 was exploded similarly with respect to the Scilly Isles
station. These two pairs were thus used to satisfy the inter-
change requirement.

Before the results are presented it must be emphasised
that the use of the time term approach for the interpretation
of the south west England data i85 questionable for several
ressons, Firstly, implicit in the method is the assumption

that the velocity beneath the refractor is comstant., We have
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seen that there is some evidence from the data that this is
not the case as far as the south west England experiment is
concerned, A possible higher,Pn velocity is indicated along
line 2 when compared with linell. Secondly, the distribution
of shots and stations is not ideal for such an approach. The
method requires a distribution such that fully reversed coverage
in the vicinity of each shot and station is acquired, In this
way true subrefractor velocities are obtained. Unbiased time
term values, except those representing points near the periphery
of the configuration of shots and stations, can then be calculated
and any trends exhibited by the time terms will be real, For the
south west England experiment it has been shown that some portions
of the refraction lines are nolt properly reversed, This dis
especilally the case for the Pg travel time data where short
sections of line 1 only are reversed in the required manner,
Thirdliy, the poﬁeﬂtial number of observations has been considerably
reduced for the various reasons which have already been mentioned
in Chapter 2. Thus in several cases there is only one observation
of a particular shot. The effect of these problems will be seen
in the results of the analysis.

The data were divided into two groups, one representing
PJ arrivals and the other, Pn arrivals, Doubtful data such as
the observation of shot 13 at the Carnmenellis station were

removed and travel time data uncorrected for the thickening




wedge of sediment at the end of liné 1 were used. The
formulae given by Berry and West are used to give estimates

of the statistical uncertsinties inherent in the time terms.
The standard deviations quoted represent the inconéist@ncy

of the data contributing to the individual time term while

the standard errors represent the unreliabilities of the time
terms themselves, Because of the problems enumerated above
these are minimum uncertainties. If the assumptions inherent
in the method are applicable to a particular set of data then
they can be regarded as reliable but if there is any violation
of the assumptions then znomalous trends will occur in the time
terms which will not be apparent in the uncertainty estimates,
solutions leaving the velocity as an unknown to be determined
by the least squares process were obtained for each data set
as well as solutions obtained by constraining the velocity to
a number of fixed values. The fit of the time term model to
the observational data was measured by using the standard
deviation of the solution as given by Berry and Vest,.

P solution
£

A list of the Pg time terms and the sub-refractor
velocity is given in table 4, The velocitly obtained was
derived from the least squares process as one of the unknowns,
A set of constrained velocities was used to indicate the change

in the goodness of fit of the model to the observational data




Table 4. Pg time terms

Refractor velocity = 5.82km/sec Standard deviation of the

solution = 0,2sec

Shot/station Time term Standard Standard No. of
name sec deviation error obs.

Shot 5 Line 1 0.07 1
6 1 -0.07 1
7 n -0.16 1
8 " 0,07 1
9 i -0,17 0,02 0,01 2
10 n -0,08 0.0k 0.02 3
11 n 040 0,02 0,01 3
12 "o -0.08 0.01 0.01 3
Seilly Isles © 0.01 0.19 0,03 27
Shot 14 " 0.13% 0,05 0,03 3
15 i ~0,12 0.55 0.28 4
16 " 0.06 0.06 0.03 4
17 " 0,06 0.07 0,04 4
18 R 0,03 0,04 0,02 4
19 " 0,22 0.23 0.17 2
20 f 0.15 0.13 0.07 4
and's #nd it - 0,08 0.1k 0.03 28
Carnmenellis U 0.09 0,34 0,11 10
Bodmin Moor ¥ ~0,03 0.14 0.04 15
Waterford ILine 2 0.12 0,0 0,0 8
Shot 42 i 0,03 1
43 " 0.69 1
4i 1 0,87 1
hs " 0.89 1
22 " 0.87 1
23 i 0.61 1
24 " 0.65 1
25 " 0.55 0,0 0.0 2
26 i 0.7k 1
27 " 0,21 0.15 0,09 3
28 " 0.39 0,24 O.14 3
29 i 0,12 0,20 0,12 3
20 i 0.24 0,18 : 0.11 3
31 i =034 0,07 0.04 3
Land's End  © 0.08 0.14 0,03 28




Table 4 (Contd.) Pg time terms

Refractor velocity = 5.82km/sec Standard deviation of the

solution = Q.2sec

Shot/station Time term Standard Standard No. of
name sec deviation error obs.
Land's End Line 3 0.08 0,14 0,03 28
Shot 32 " 0.07 0.06 0.03 3
23 1 0,13 0,10 0,06 3

3l 1 041 0.10 0.06 3

35 1 0.56 0.27 0,19 2

36 m 0.30 0.08 0.06 2

37 T 0.45 0,08 0.06 2

38 n 0.71 0.06 0,03 L

29 i 0.46 0,05 0,02 L

Lo 1 0.63 0.08 0,03 6

L1 n 0.38 0.07 0.03 6
French 2 o =0.23 0.06 0.03 5
3 H =015 0.06 0,03 4

4 i ~0,16 0,05 0,02 4

5 i =0,07 0,05 0.03 3

6 i -0.43 0.20 O.14 2

7 i -0.24 O 01 0,01 2




as a function of the velocity (see fig.26).  However, the
shot - statlon configuration is not of the type necessary to
obtain good velocity control (see Parks 1967). Tor this
reason this P solution must be assumed to be unreliable,
although the subrefractor velocity ahd time term values seem
to be of the right order in most cases.

P solution
n

Two Pn solutions were attempted. Firstly, one
including the data from the line 3 shots and French stations
and, secondly, excluding them, The results from each solution
are presented in tables 5 and 6. Cnce again the velocitiles
chtained were derived from the least squares process as one of
the unknowns, Tt was noticed in the first solution that all
the French station time terms were considersbly less than the
line 3 shot time terms, The difference is large enough to be
assumed unreal and to be due to the poor control of velocity
that is obtaeined along this line, Several stations are
situated at one end of a line of shots and only. four observe-
ations of those shots are seen from the other end of the line,
A weighting system could be devised to off-gset this problem
but as there are only four observations from the one direction
it was not thought worthwhile. Therefore the line 3 and French

ations data were abandoned for the second solution,

i3]
i

[




Table 5, Pn time terms, first solution

Refractor velocity = 8.04km/sec

Standard deviation of the solution = 0.23sec

Time term Standard Standard No, of
Shot/station name sec deviation error obs,
Shot 1 Line 1 3,74 .11 07 3
2 " 2,41 .09 .05 3
3 i 3,07 L3 .06 5
Iy n 317 .02 ,OL 2
5 f 220 .08 .05 3
6 n 3,02 11 .06 3
7 i 3.26 W16 .08 4
8 i 3.10 .05 .02 5
9 i 2.86 .0l 0 2
10 1 2.77 1
11 H 2.80 022 015 2
12 i 2.75 oLt .03 2
Scilly Isles " 2.75 07 .03 7
Shot 14 " 2.86 .07 Ok 3
15 i 2.96 C W01 .01 2
16 i 2,01 219 oL3 2
17 n 2.78 .03 .02 2
18 1 2.84 1
19 " 2.79 1
20 i 2,85 1
Land's End " 2.63 14 .03 16
Carnmenellis " 3.00 .06 .02 8
Bodmin Moor n 2.94 e 23 .06 14
Dartmoor ¥ 2,79 .10 .03 13
Zekdalemuir Line 2 3.06 17 .05 13
Waterford 1" 3,17 .16 .05 12
Shot 42 " 3.26 ; 1
43 " 3.h42 1
L " 3,65 .09 .06 2
45 " 3,83 16 11 2.
22 n 3.66 035 .20 3
23 i 2.48 .07 .05 2
24 a 3.73 « 29 21 2
25 " 3.49 +19 oLl 3
26 " 3.33 b « 32 2
27 i 3.52 « 35 W24 2
28 n 3.37 .20 Sk 2




Table 5, (Cont,) Pn time terms, first solution

Refractor velocity = 8.0Lkm/sec

Standard deviation of the solution = 0.23sec

Time term Standard Standard No. of

Shot/station nane sec deviation error obs,
Shot 29 Line 2 3437 .05 04 2
20 " 3,12 .19 ol3 2
Land's IEnd " 2.63 oLl +03% 16
Land's End Line 3 2,63 o1k +03 16
Shot 33 f 4,38 1
34 i3] b 43 1
35 n 448 o 12 .06 b4
36 “ 4,25 .16 .08 3
37 i 4,23 .3k o2k 2
28 1 4,70 « 10 .06 3
39 " L, 5h .26 W18 2
4o i 4ok # 30 .17 3
hl ” 4,83 .56 e 33 3
French 2 " : 1.65 .02 .01 3
3 " 1.65 11 .08 2
L t 2.15 o 5l o2k 2
5 i 1.58 e2L o L2 3
7 " 1.57 .16 .09 3
9 i 1.7k 019 <13 2
10 " 1.27 o 37 o2l 3




Table 6. P time terms, second solution
ded

Refractor velocity = 8,05km/sec

Stendard deviation of the solution = 0.l7sec

Shot/station name Time term Standard Standard Ho. of
sec deviation error Ubs.

Shot 1 Line 1 2.72 .09 05 3
2 m 3.39 +L0 .06 3
3 i 3.09 .16 .07 5
4 " 3.13 .01 .01 2
5 B 3,21 .02 Nexl 3z
& 1 3,04 05 .05 3
7 " 3.28 .18 .09 b
8 & 3,11 .05 .02 5
9 " 2490 <05 LOh 2
10 i 2.85 1
11 i 2.85 25 .18 2
12 1 2.80 .07 .05 2
Scilly Isles ™ 2.79 .06 .02 7
Shot 14 " 2,90 .05 .03 3
15 1 2.98 01 L0 2
16 H 3,04 .18 13 2
17 " 2.80 .03 .02 2
18 " 2,86 1
19 1 2.81 1
20 " 2,86 1
Land's FEnd n 2.72 10 O3 13
Caramenellis ¥ 3,03 .06 .02 8
Bodmin Moor i 2.89 .13 LOL 1z
Dartmoor " 2.79 o L1 03 13
Eskdalenuir Line 2 3,16 .16 .05 13
Ireland i 3.20 15 .05 12
Shot &2 H 3.23 1
Lz " 3,40 1
Ll i 3.61 A2 .08 2
45 ” 379 W13 .09 2
22 N 3.66 «29 .17 2
23 u 2 bl .04 .03 2
24 " 3.69 25 .18 2
25 T 2.51 19 11 3
26 i 3.32 A7 « 353 2
27 i 3.51 o 5k 2ok 2
28 n 3,38 .19 W13 2
29 H 3.308 Ok 03 2
30 n 3,12 .18 .13 2
Land's %End H 2.72 .10 .03 13
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This has 1little effect on the remaining time terus
which reflects the poor interrelatedness of the data from
line 3 with that from the other lines. The subrefractor
velocity is changed very little but the standard deviation
of the solution is greatly improved. A set of constrained

velocities was applied to the data in a similar manner to that

of the P_ data. The resulting changes of standard deviation
L]
with velocity are given in fig.26. The shot=-station configur-

ation is better as far as this solution is concerned but there
is still a possible problem of subrefractor velocity variation.
However, the results from this solution are assumed to be
reliable enough for the observed trends to be real.

The time terms are seen to increase generally towards
the west along line 1. This is almost certainly due to the
effect of the wedge of sediments at the western end of the line,
The tilme terms are also relatively large in the northern half
of line 2 reflecting the delay times introduced by the presence
of the sedimentary basin in this region,

Unfortunately the structure of the upper crustal layers

5 not well enough known for these time terms to be converted to

P.

depths. A more reliable evcluation of the P_ time terms would
o
have been useful in this respect. However, a fezture of the

time term approach is that data from different experiments

distributed through time can be combined together as long as

3.36
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some of the station or shot positions asre re~occupied. When

the velocity-depth distribution throughout the region is known
in more detail then the data from the south west England experiment
may be used in conjunction with the new data to give even better

estimates of the time terms and of the depths they represent.
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CHAPTER 4

The resulis described so far have been those derived
from the analysis of first arrival travel time data only.
They are important in that they form the foundation upon which
the final interpretation of all the data will be based. First
arrival onsets are the least ambiguous of those along a seismic
record and thus the reliability of these results should be well
known. However, a study of later arrivals is necessary 1if a
complete and fully meaningful interpretation is to be accomplished,

The problem of recognising discrete phases and of
picking their onset times is increased by the presence of a
high background of noice which is usually present along a seismic
record after the first arrival. This is mainly due to the presence
of signal generated noise produced by the local structure
immediately in the vicinity of the shot and station. When
teleseismic waves are involved, the noise may form recognisable
phases which can be traced from one detector to the next
(Key 1967, 1964). In explosion seismology such coherence is
unusual. The noise typically consists of isolated bursts of
energy with no lasting character from detector to detector.

This chapter describes methods which have been used
to process later, as well as first, arrivals on the records.

The results are presented and used with those obtained from




the first arrival travel time data to give an overall

interpretation in terms of velocity - depth structure.

4,1  B8tacked records

The stacked records, prepared in the manner described
in Chapter 2, can give z coumplete picture of all the arrivals
seen at each particular station. If certain phases can be
correlated over large digtances from trace to trace then it is
fairly certain that they are important and worthy of further
inspection, Any isolated bursts of energy can be recognised
and eliminated as far as the broad interpretation is concerned,
The stacked records are therefore used to indicate persistent
secondary phases, a study of which can improve the overall
interpretation of the data.

A study of these records reveals o basic pattern of
arrivals which is common to all of them. There are minor
variations but the overall picture preésented by each record
is remarkably consistent especially for the line 1 shots, As
an exsmple, the record of the shots of line 1 as received at
the Land's End station is shown in fig.27. Stacked records
of the line 1 shots at the Scilly Isles, Bodmin Moor and
Carnmenellis statioms, the line 2 shots at the Waterford and
Land's End'stations, and the line 3 shots at the Land's End

and French stations will be presented in the following sections,




[Sa8!
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The stacked record of the line 1 shots st the
Land's End station,
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The major feature of all these records, as exemplified
by that shown in fig.27, is the presence of a large amplitude
secondary arrival which appears abruptly at a distance of about
60-80 km and at a reduced time (T - A/.0) of about +2 to +3
seconds (see trace of shot 12 on fig.27). In nearly all cases
this arrival can be correlated from shot to shot and &t greater
distances becomes the first large amplitude arrivel after the
Pn arrivals, On most records many other phases arrive within
a Tew seconds after the Pg and Pn phases at distances greater
than about 80 km but there is no other phase which is as
persistent as this large amplitude secondary phease. Shear
waves are present on most records running diagonally across
them and they exhibit several festures which will be described
in later sections. Surface waves are present on the traces
of near shots at most stations but their periods are less than
one second and are of little use for interpretation purposes.

The author is aware that other important phases are
probably present on these records but their interpretation is
always ambiguous. It will be shown that there is no ambiguity
in the interpretation of the large amplitude secondary arrival
and thus the rest of this chapter is mainly concerned with this
arrival and its use in the interpretation of the data from the

south west Ingland experiment,




I

4,2 Awmplitude measurements

In many refraction experiments described in the
literature little attention is paid to the amplitude
characteristics of the various phases, except for a few notable
exceptions (Berry and West 1966b,Roller l§65, Richards 1960,
Werth, Herbst and Springer 1962). A study of the problems
involved helps to explain this omission but the author believes
that some attempt should be made to reconcile the amplitude=
distance relationships of the various phases to the crustal
models proposed,

The problems of amplitude measurement and interpretation
are described in detail by Steinhart and Meyer (1961).  The main
problems are those due to instrumental characteristics, changing source
conditions and local variations in the vicinity of the detectors,
For the south west England experiment the problem of changing
source conditions is minimised by the fact that all the shots
were of the same size, they all exploded on the sea bed and
none of them ‘'‘blew out', There are still problems of variation
of lithology with consequent different coupling characteristics
at each shot point but this is not thought to be of major
importance, The effects of local variations in the vicinity
of the detectors are minimised if the amplitude measurements

are always taken from one seismometer and as far as this
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experiment is concerned, it is thought that the major problem
is the instrumental one. The frequency response of the system
at the Scilly Isles is well known (see fig.28), but the frequency
response carve for the system at the Bodmin Moor and Carnmenellis
stations has had to be calculated using an assumed seismometer
damping coefficient of 0.27 (see fig.28). The exact value of
this coefficilent is unknown although it is not thought to differ
much from that assumed. Frequency response curves for the
B.P. swamp geophones at the Land's BEnd station are not available
and those of the systems at the Waterford and French stations
are unknown, However, in spite of these difficulties,
amplitude measurements at three of the stations may be assumed
to be reliable enough for interpretative purposes.,

Meximum peak to peak amplitudes of the first few
cycles of the Pé, Pn and large amplitude sechndasy-arrivals at the
Carnmenellis, Bodmin Moor and Scilly Isles stations were
measured and the dominant fregquency of the arrival was noted,
After adjustment for frequency response and changes in gain,
the measurements were plotted on the amplitude-~distance graphs
shown in fig.Z29. Amplitudes of the same phases at other
stations have been measured but the uncertainties are much

larger and the curves are not presented here,

4,3 Velocity filtering

Velocity filtering is another processing technique




which has been applied to the data to aid recognition of
phases. Several of the recording stations consist of arrays
of seismometers, In recent years the use of such arrays has
become well established in seismology. In refraction seis=
mology, arrays are used to improve signal to noise ratios, fto
indicate apparent velocities of coherent arrivals across the
arrays and to give information about azimuthal =and frequency
content of arrivals,

There is considerablevliterature dealing with the
theory of seismic arrays. One of the most comprehensive
treatments is that of Birtill and Whiteway (1965). They deal
thoroughly with the theory and indicate the optimum sizes and
shapes of arrays which should be used. 4 special report by
the UKAEA (1965) has a section on array desiga and processing
methods while Iyer (1968) describes a method of wave-number
filtering applicable to array data,

The main processing method used in this study is that
of velocity filtering with the purpose of obtaining the apparent
velocities of certain arrivals along a seismic record. These
apparent velocities can then be used to identify the vhases
which give information about the structure of the media in
the vicinity of the array. In this particular study a similar
method has been applied to both analogue and digital data,
Ryall (196%4) describes it as the U.K. method and compares it

with other methods aimed at achieving similar results,




Seismometer outputs are delayed by amounts equivalent
to a specified velocity across the array. The outputs are
then split into two groups and summed, The sums are then
multiplied together (cross correlated) and smoothed by
integrating over a time window, The operation is repeated for
a number of different velocities and the maximum value of the
smoothed function is then taken to indicate the correct phasing
conditions for an arrival having a particular velocity across
the array. An azimuthal search can also be mede by assuming
a constant velocity and changing the phasing conditions for
dlifferent azimuths,

For the Bodmin Moor and Dartmoor arrays the analogue
apparatus developed by the UKAEA seismology unit was used to
process the F.M, recorded data in its analogue form, Delay
increments are inserted by running a tape loop over a bank
of replay heads, the amount of delay being controlled by the
speed of the loop. The data is then frequency filtered
before it is processed on an analogue computer. A 2,0 second
exponential window is used in the smoothing operation., The
pen recorder output consists of traces representing successive
stages of the processing sequence. However, various problems
were encountered, not least of which was that of the unequal
spacing of selsmometers. This resulted in the insertion of

inaccurate delays and it was decided finally that no reliable

b7



phase velocities could be measured using the analogue apparatus,
Measurements of phase velocities on the seismograms Lhemselves
were also assumed Lo be unrelisble because of the inaccurscies
involved in measuring the onset times across so short an array.
For the Land's End array a digital processing method
was used, A computer programme was written in fortran IV for

use on the IBM 360/67, A description and listing of this
programie appears in Appendix F. After the insertion of delays,
four outputs from each arm of the array are summed and multiplied
together., Although the digitising interval is .0l second, an
interpolation routine is used to enable small increments of delay
to be introduced. A square time window of 0,2 seconds is used
in the smoothing routine. No frequency filtering is attempted
during the processing,

It was found that the phase velocity of a discrete
arrival travelling across the array could be measured to within
< 0.1 kxn/sec (see Appendix F).  However, the reliability of
the phase velocities obtained from the programme may be impaired
by several factors. Firstly, the programme assumes plane wave
fronts and thus, because of the size of the Land's End array,
the phase velocities of arrivals which have travelled less than
about 15 km will be measured inaccurately, ’Secondly, the
arrival of two phases together will result in the phase

velocity given by the programme having a value probably somewhere

X3



between the real phase velocities of both arrivils. Thirdly,
if the coherence of a particular arrival is poor for any reason

then there may be some ambigullty in the result given by the
programnme, Nevertheless, a study of the seismic records
themselves will supply most of the information whiech will
indicate whether a particular phase velocity is relisble or not,
The results obtsined from this programme asre presented in
Appendix F,

As no on-line graph plotter is available on the
260/67, the output of this prograume consists of punched curds
bearing the smoothed output for several different velocities.
This data dis fed dnto an TIBM 1130 computer and plotted on the
graph plotter with the aid of a computer programme written by
Mr. C,¥W.A, Browltt of the Geology Department, University of
Durham (sece ﬂppéndix G@). The velocity filtered record of
shot £ 1s shown as an example in the pull~out supplement at

the back of this thesis.

4ot The analysis and dinterprebation of all the data

Thig section describes the results obtained from the

shots, It also discusses the nature of the large amplitude
secondary arrival and describes its use in the determination
of the eventual crustal models which are proposed for the

three lines of the south west England experiment,
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44,1 Analysis of Pg and P arrivals

The amplitude measurements of the Pg arrivals at the
Carnmenellis and Scilly Iéles stations and Pn arrivals at the
Bodmin Moor station are shown in fig.29. The raplid decrease
in amplitude of the Pg arrival and the more gentle decrease
of that of the Pn arrival is typical of the behaviour of these
two phases (see Berry and West 1966b, Roller and Healy 1963).
& similar pattern is seen at the Land's End station, The
relatively large amplitude of the Pn arrival is evidence of
a strong first order (i.e. step-like) velocity discontinuity
and the persistence of these arrivals from shot to shot is
indicative of the‘extensive uniformity of this refractor.

Phase velocity measurewments of the Pg and Pn
arrivals have been made for several of the line 1 shots.

In most cases the phase velocities of the PF arrivals are

z
in the range 5.4 to 5.6 km/sec but those from shots 15 and 18
are considerably less at 5.1 and 5.2 km/sec respectively,
The apparent Pg velocity measured from shot 18 is probably
unreliable beczuse of the proximity of the shot to the station
but there is no obvious explanation of the low value obtained
from shot 15. The generally low apparent velocities of the
Pg arrivals when compared to the Pg velocity obtained from
the first arrival travel time data may be explained by the

presence of a 'dip' of the 5.85 km/sec refractor in the
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immediate vieinity of the array. The station is situated

about 700 £t above sea level with the land surface and,
presunably, the refrictor dipping towards the ses, the direction
of dip as far as line 1 is concerned is, therefore, towards the
west and a dip in this direction of no more than two degrees
would be adecuate to explain the low Pg phase velocities.

Only four of the shots din the Pn range have been
velocity filtered, Two of them, shots 1 and 2, give unambig-
nous Pn phase velocities of 7.9 km/sec tending to confirm that
there is an alwmost flat-lying Moho beneath the vicinity of the
station.  Of the other twoy the P arrival from shot L4 has an
ambiguous phase velocity of 8.0 or 8.5 km/sec reflecting its
poor coherence across the array while that iZrom shot 8 has a
phase velocity of 7.7 km/sec. A study of the selsmograms of
this shot indicate the near-presence of a secondary arrival
which is most likely to be the cause of the apparently low

Pn vhase velocity as measured by the programme.

hoh,2 Analysis of later arrivals

Apart from the large amplitude secondary arrival
which will be described in the next subsection and the S-wave
arrivals, there sre no other persistent phases which could be
used for dinterpretation purposes. It is expecfed that some

of the arrivals which are seen, especially in the few seconds
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after the onset of the Pn and large amplitude secondary
arrivais, are of the nature of reflections, refractions or
diffractions, some of them probably from the steeply dipping
granitebmargins. Their phase velocities are usually in the
range 5.6 to 6.8 km/sec.

Although the author has studied the S-waves in less
detail, several facts about them have emerged. Firstly, the
S-waves from the nearer shots have phase velocities of about
3.3 km/sec which is the expected Sg velocity. Secondly, the
amplitude of the S-waves increases suddenly at a distance of
about 80 km, Thirdly, the phase velocities of these large
S-wave arrivals are higher than the Sg velocity (about 4,2
km/sec) and tend to increase slightly as the source of energy
approaches the detector, They are tentatively interpreted as
S-wave reflections from the Moho but no further study of them

has been made,

L,b.3 The nature and use of the large amplitude secondary arrival

The large amplitude secondary arrival is interpreted
to be predominantly a wide angle (supercritical) reflection
from the Mohorovicic Discontinuity, henceforth designated PMP,
Three lines of evidence support this interpretation, Firstly,
the amplitude~distance characteristics of the phase in relation

to PP and Pn are similar to those of PMP in the theoretical
&
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model used by Berry and West (1966b) to calculate amplitudes

of varicus arrivals, Its amplitude at all three stations
reaches a maximum at a distance of approximately 80 km with

a secondary peak, not predicted by the model, occurring at
varying distances within the rznge of 130 to 160 km (see fig.29).
At distances beyond about 80 km the amplitude of this arrival is
generally at least an order of magnitude larger than the amplitude
of P and beyond 120 km it is significantly larger than that of
Pn. Secondly, it is shown in figs. 31, 32 and 33 that the
travel times of these arrivals are fitted by a curved line
appropriate to a Moho reflection, Thirdly, it is found by
velocity filtering that the apparent velocity of this arrival
increases from about 5.6 km/sec for the more distant shots,
through 6.1 km/sec for shot 9 (114.2 km), 7.1 km/sec for shot 11
(83,6 km) to 8.4 km/sec for shot 12 (73,7 km), This pattern of
apparent velocity is tq be expected for a wide angle reflection.
For a uniform crust, the velocity at large distances should be
asymptotic to Pg and at the critical distance it should be equal
to that of Pn.

The PMP phase is most useful in that it can supplement
the information already gained from the first arrivals. The
distance at which it attains its maximum amplitude can be used
to give an estimate of the critical distance, where a ray which

has been critically reflected at the Moho emerges at the surface.




Knowledge of this parameter can be used in conjunction with
first arrivel data to obtain estimates of the maximum limiting

depth to the Moho, the real depth to the Moho and an average

velocity within the crust. The theory is as follows :=
<—-—ch /2>
VO ‘F
4 Vv
© AV

Vl k] o
x, = critical distance.
© = critical angle,

Consider a model of the crust (shown above) of uniform
thickness Zl, average velocity VAV’ and velocity at the top VO’
overlying a substratum of velocity Vl‘> VO. First, let us
suppose the crust to be of uniform velocity VAV = VO. Then
rj'Agi Vl VO ()
-

where Ti is the intercept time of the Vi segment.

A =

1

If the wvelocity Vb increases with depth, then (1) will

underestimate the true thickness, i.e. leg Z, Therefore (1)
gives a minimum estimate of crustal thickness.
On the other hand, the crustal thickness Z2 for a

uniform velocity Vb is related to the critical distance e by
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If the velocity V. increases with depth, then (2) will

0
overestimate the true thickness, i.e. ZzzavZ. Therefore
formula (2) gives a maximum estimate of crustal thickness,

If we use V,. in place of V, in formulae (1) and (2),
then both should give a good approximation of the true thickness Z,

Estimates of Z and VAV can then be ontained by solving the

equations as follows :=

from (1)

- Y5V Vay

4 = 1 (3)
2 V2 - VZ
1 AV
and from (2)
7 - X Vi - V2

’ = © AV . (W)
2 VAV .

ZZ = vV, T, %

I
[
.
Q

and therefore

11 % . (5)

By substituiing Z in either (3) or (4) an estimate

of V is cobtained thus t=-

AV
x V.
Vv = Sk 6)
;)42 + x
(a4
or
v »
av 250 NS




Critical reflections have previously been used for
the selection of hypotheiical models of the Barth's crust
(Steinhart and Mayer 1961, Berry and West 1966b, Roller and
Healy 1963). In nearly all of these studies, geomegf;c ray
theory has been used to compute the theoretical position of X,
However, it has been shown by Cerveny (1966) that the use of
geometric theory to predict amplitudes is seriously in error
in the region of the critical distance, He has found that
the amplitude of the reflected wave reaches its maximum not
at the critical distance but at some point beyond it, Cerveny
gives two reasons for this. Firstly, the head wave interferes
with the reflected wave for some distance beyond the critical
point. Secondly, geometric ray theory is a poor approximation
in the region of the critical point,

The stations at Scilly Isles, Carnmenellis and Bodmin
foor all indicate a nmaximum amplitude distance of 80 : 5 kn.
The maximum amplitude distance of PMP at the Land's End station
is also 80 = 5 km, The frequency content of the arrival Varies
little from shot to shot at Land's End and thus the observed
maximum amplitude as seen on the trace from shot 11 is the real
maximum amplitude, The closely similar estimate for all four
stations is to be expected for a homogeneous crust with an
almost horizontal lower boundary as indicated by the first
arrival data. A similar value for this parameter Tor the

Dartmoor station has thus been assumed. If this maximum

4,16
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amplitude distance is taken to be coincident with the critical
distance, then as shown above it can be used to obtain an

absolute maximum estimate of crustal thickness, However,

we have seen that the estimate of the real critical distance

is improved by using Cerveny's results with a consequent better
estimate of the maximum crustal thickness, For the five stations
under discussion here, the critical distance has thus been re-
estimated to be 65 = 5 km.

Table 7 gives the absolute maximum crustal thicknesses,
the better estimates of maximum crustal thickness using Cerveny
and the estimates of real crustal thickness and average crustal
velocity for each station. The results from each station are
not significantly different from one another, They give an
absolute maximum crustal thickness of 37.4 s 1.2 km and a
better estimate of maximum thickness using Cerveny of 30,0 1.2 kn.
The estimate of real crustal thickness is 27.0 £ 1.2 km and the
estimated average crustal velocity is 6.15 z +13 km/sec,

The main source of error in these estimates is that
inherent in the estimate of critical distance. The spacing of
the shots is such that an estimate of the maximum amplitude
distance is only reliable within x 5 km, The error on the
estimate of the critical distance from the results given by
Cerveny is difficult to assess because of the interdependence

of the variocus factors that determine this distance in relation

to the observed maximum amplitude distance. However, the author
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is confidenﬁ.that it will be unlikely to exceed that quoted
above.

e have, therefore, a seemingly simple model of the
EBarth's crust along line 1 consisting of a single layer, about
27.0 km thick, with an average P-wave velocity of 6.15 km/sec
underlain by a flat-lying Moho with an upper mantle Pn velocity
of 8.07 km/sec. The velocity of 6,15 km/sec, although relatively
low as far as crustal velocities are concerned, is nevertheless
higher than the 5.85 km/sec velocity which has been shown to be
the average velocity within the granite (see section 3.3.2).
This means that somewhere within the crust an increase of
velocity with depth must occur.

Estimates of the depth to which the granite extends
are of the order of 10 to 12 km (Bott et al 1958, Midford 1966).
It is postulated that the velocity of 5.85 km/sec extends to
this depth (sée section 3.3.2). An increase of velocity
must occur beneath this level to account for the average
crustal velocity of 6.15 km/sec, The nature of this increase,
whether abrupt or gradual, ought to be apparent from the data.

If the increase is due to an abrupt velocity
diﬁcontinuity then head waves from such a discontinuity should
be seen on the records although not necessarily as first
arrivals, Un the assumption of a step-like velocity

discontinuity at a depth of 10 km, an average lower crustal
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velocity of £.33 km/sec would be necessary to give the average
crustal velocity of 6.15 km/sec. If this depth is 12 km
then the resulting average lower crustal velocity is 6.52 km/sec.
It is calculated that head waves from a step-like discontinuity at
about 10 to 12 km should be seen as first arrivals at ranges
between about 100 and 120 ku. No indications of any such first
arrivals are seen on any of the travel time graphs although it
may be argued that there are few shots in the appropriate
distance range with the result that they may be mistaken as
P” arrivals. Yo test this, the apparent velocity of the first
arrival from shot 9 as recorded at the Land's End station 114 km
away obtained by velocity filtering was 5.3 km/sec. This is
close to the typical Pg velocity. Thus there is no indication
of a head wave from any intermediate refractor occurring as a
first arrival. Nor does the velocity filtering indicate any
persistent secondary phase with an apparent velocity of the
right order, Furthermore, there are no recogniéable superé
critical reflections from such a boundary. Thus there is no
evidence for any significant abrupt increases of velocity at
any depth within the crust beneath the granite batholith,

This implies that there must be a gradual increase
of velocity with depth in the lower crust possibly beginning
at a depth of about 10 to 12 km, The presence of a lower

crustal layer exhibiting a gradual increase of velocity with




depth avtomatically implies the presence of several features
which should be recognisable to some extent on a seismic record,
Let us assume a model of the crust consisting of an upper crustal
layer 11 km thick with a velocity of 5.85 km/sec and a lower
crustal layer extending to a depth of 27 km exhibiting a linear
increase of velocity with depth such that the average crustal
velocity is 6.15 km/sec. Travel times have been calculated

for this model for all the P phases which travel through such

a structure. The model and a reduced travel time graph of

these phases are présented in fig. 30,

The effect of a lower crustal layer exhibiting an
increase of velocity with depth can be clearly seen. Three
cusp points are present, the most prominent of which is at
65 km where Pn arrivals and supercritical PMP arrivals are
first seen, The Eh segment 1ls tangential to the PMP segment
at this point which is at the critical distance. At greater
distances the two segments diverge with the PMP curve eventually
reaching a second cusp point at a distance of 148 km, At this
point the PMP phase ceases to exist where it has a ray in common
with a body wave which has been continuously refracted through
the lower crustal layer, This distance will be referred to as
the grazing incidence distance, The short segment between the
pair of cusps at 140 and 126 km represents a refracted phase

which has travelled most of its path in the lower crust., fThe

o
(@]
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other segment which is asymptoiic to the Pg pegment represents

2 phase which has travelled most of its path in the upper layers
of the crust. This lattfer phase is a guided wave trapped between
the upper layers of the lower crust and the ground surface. It is
analogous to the crusial guided wave P, described by Shurbet (1960)
and Ryall and Stuért (1963) and thus will be designated §é for

the purposes of this interpretation,

The problem of recognising fhese prhases on a seismic
record'is complicated by the similarity of their travel times
especiallj in the region of the short segment between the pair
of cusps, In this region four phases all arrive within a short
time of each other. On a record it is unlikely that several
discrete arrivals will be seen. The most likely observation
is that of a single phase but with a significantly increased
amplitude in this particular region. This is explained by the
interference of the several phases which are arriving in such a
short space of time, The secondary amplitude maxima seen on
the Scilly Isles, Carnmenellis and Bodmin Moor records may be
explained in this way, At distances greater than the secondary
amplitude maxima the phase which seemed to be a continuation of
the PMP phase is shown to be the completely different ﬁé phase,

The basic crustal model used to calculate travel times
(see fig. 30) was proposed because of the observation that a

gradual increase of velocity with depth must occur beneath the
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granite, The model has been shown to provide an explanation
of the important secondary amplitude maximum of FMP at each
station. It has provided no evidence contradicting with any
other observations which have been made and is therefore
postulated to be a realistic type of model for the crust along
line 1 of the south west England experiment,

Assuming the increase of velocity with depth Tto be
linesr, the knowledge of the critical distance (Cl) and the
grazing incidence distance (02) can be used to obtain estimates
of the depth at which the increase of velccity begins. The
thecry by which Cl and 02 are used is given in Appendix H,

Two non=linear simultaneous equations in K (the comstant of
increase of velocity) and Zy (the thickness of the upper crustal
layer) are obtained which are solved by a substitution method

cn the computer,

This method has been applied to the data frem tThe
Scilly Isles, Carnmenellis and Bodmin Moor stations. A major
problem with this method is that of the accurate measurement
of 02. A consequence of the interference of‘the several phases
in the region of the short segment between the two cusps is that
the observed maximum amplitude distance is probably not exactly

at the real C, distance but some way before it. The problem of

2

determining the real C. distance is similar to that of determinin
2

the critical distance Cl from the observed maximum amplitude




L.23

distance. In this case, however, no theoretical evidence is
available which could help in the acguisition of a better
estimate of the real 62. Thus the observed secondary maximum
amplitude distances have been used as the best available
estimates of 02. The values of VO (the velocity in the upper
crustal layer), v, (the velocity immediately below the crust,
i.ee P velocity), H (the total crustal thickness), C, and C,
used in the computation for each station and the results thus
obtained are presented in table 8, It was found that the
solution is more sensitive to errors in Ol than to those in CZ'

For instance if 02 is underestimated by 10 km the estimate of

depth Z. is decreased by 1 km only.

E! l

The results indicate that the velocity begins to increase

at a depth of about 10 km at a point 80 km WS

W of the Bodmin Moor
station and at a depth of 12.5 km about 57 km WSW of the Scilly
Izles. The apparsnt ilncrease in the thickness of the uniform
upper layer towards the west is thought to be significant although
it may not be as great as estimated. The major significance of
these results is that they confirm that a relatively uniforam

crustal layer interpreted as granite extends to a depth of

about 10 or 11 km,

oA lLine 1, final interpretation

t

The velocity=depth model of the Earth's crust along
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line 1 is presented in fig.34. In order to test the it of the
model, travel times of various phases have been calculated for
each station and compared to those observed, Stacked records

of the Scilly Isles, Carumenellis and Bodmin Moor stations are

o

presented in figs. 31, 32 and 33 respectively with lines indicating
the calculated travel times for the particular Pg and Pn velocities
as seen at each station in addition to the PMP and ﬁg phases
calculated assuming the model, Because of the problems of
recognising the onsets of discrete arrivals in the region of the
short segment between the pair of cusps (see £ig.30), travel times
of the ?ﬁ phase have only been calculated for distaznces beyond
where the PMP phase disappears.

For the Bodmin Moor and Scilly Isles stations the Iit
of the PMP phase is good, predicted omnsets all being within
0,1 sec of those observed, For the Carnmenellis station the

fit is not so good althoush the major discrepancy seen on the

]

trace from shot 13 is explained by the fact that the whole trace

N

is displaced by half a second (see first arrival travel time data)

section 3.3.1). The goodness of fit of the P phase is difficult
Q

to evaluate for the Carnmenellis and Scilly Isles stations and at

the Bedmin Moor statilon for some shots it 1s ralher poor. When

the model is applied to the Land's End data it is fouand that the

Pm fit is good with 211 but one of the predicted onsets falling

within 0.1 sec of the observead, However, there
9




The stacked record of the line 1 shots
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Fige.32. The stacked record of the line 1 shots 2t the
Carnmenellis station.
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is a discrepancy in the it of the PMP phases from the two
nearer shots, In both cases ithe observed travel time of
this phase is 0.2 sec later than that predicted although
the observed onsets of this phase from the other shots are
close to their predicted times,

The discrepancy in the travel time of the Pn arrival
and that of the PMP arrival at the critical distance as seen
in figs. 31, %2 and 33 is evidence that the Pn velocities
observed at each station are underestimates of the real Pn
velocity. This agrees with the results obtained from the
reversal of the line using four shots and four stations.

It is possible therefore that there may be a significant dip
along line 1. However, it is thought more likely that the
adjustments to the first arrival travel time data may not have
fully compensated for the effects of the wedge of sediments at
the end of the line with the resulting underestimates of real
Pn velocity. There may be a dip of the Moho towards the west
along line 1 but it will almost certainly be much less than the
34 minutes indicated by the first arrival travel time data.

The overall fit of the model to the tfavel time data
is good although there are some inconsistencies most of which
fall within the error limits which have been gquoted. The major
discrepancy is that of the fit of the calculated travel times of
the PMP arrival to those observed at the Land's End station

although this may easily be explained within the basiec framework
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of the model proposed here, A slight adjustment in the

thickness of the upper crustai layer or a slightly different
assumption of the type of increase of velocity with depth would

be enough to explain the discrepancy. Reliable amplitude
measurements at this station may have provided the real explanation,

The crustal model presented in fig, 34 has evolved from
measurements of both seismic refraction and reflection data. Only
unambiguous phases along the seismic record have been used in its
evaluation and due respect has been paid to the errors involved.
The model has been shown to fit the observed travel times of
various phases and also to provide an explanation of the
am@litude characteristics of the important secondary phases,.

It is difficult to obtain any other model which explains the
major observations as well and as simply as this one,

However, this interpretation has been obtasined assuming
that there are nc velocity reversals within the crust. Their
presence is difficult to detect although a few workers, notably
Gutenburg (1950, 1951, 1954, 1955), Mueller and Landisman (1966),
Landisman and Mueller (1966) and Fuchs and Landisman (1966) have
presented evidence of low velocity channels at different levels
within the crust. The work of Fuchs and Landisman is especially
interesting in that the stacked records they present are similar
in many respects to those of the south west England experiment,
The major difference is their interpretation of the presence of

a low velocity layer at a depth of 8 to 11 km, A careful study
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has been made of the data from the south west England experiment
for evidence similar to that upon which Fuchs and Landisman
base their intérpretation. The little there is may be explained
more easily in terms of the model proposed here, As has already
been discussed (see section 3.3.2) there may be a slight decrease
of velocity with depth within the granite but this wili certainly
not be of the order of that envisaged by Gutenburg and Fuchs and
Landisman, The present author would not disagree with the
possible presence of a low velocity channel along the profiles
of Fuchs and Landisman in Germany but the data from the south
west England experiment presents very little evidence for such
a channel and its presence along any of the profiles of this
experiment is unlikely,

The model in fig. 34 is therefore preferred and
presented as a feasible model of the crustal structure along
line 1, The geological dmplications of this model will be

discussed in the next chapter,

4bok,5 Line 2, results and interprdation

Several problems arise in the interpretation of the
data from this line. Firstly, no reliable amplitmude-distance
measurements can be made because of the unknown nature of the
frequency responses at both the Waterford and Land's End stations.
Secondiy, several of the channels at the Land's End arfay were

not working properly for shots 42 to 24 so that there are no
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reliable velocity filtering results for these shots, Most of
the remaining shots from this line have not been available

for processing because of the computer input problem which is
described in Appendix C. thirdly, there is no unambiguous
model for the first arrivel data, Thus the interpretation of
the results from this line is rather s?eculative in nature.

Stacked records of the Waterford and Land's End stations
are presented in figs. 35 and 36, A stacked record of the
Eskdalemuir station was not prepared because of poor signal to
noise ratios and because, for most shots, only ?n arrivals with
phase velocities of about 8,1 km/se¢ were discernible. The
Land's End record especially is more complicated than those
described for line 1 but the PMP arrivel is clearly visible on
both records reaching a maximum amplitude at a distance of about
65 km from the Land's End station and 80 km from the Waterford
station,

It has been shown in section 3.5.@ that there is some
evidence of a dip of the MQho towards the north along the nor:ihern
half of line 2, The seismic data do not give reliasble estimates
of the amount of dip or the real Pn velocity. However, the
regional gravity gradient of about ~0.06 mgals/km northwards is
consistont with an increase of crustal thickness from 27 km in
the region of shot 26 to about 30 km beneath the waterford station

representing a Moho dip of about one degree,




1e stacked record of the line

aterford station.
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Pig.36., The stacked record of the line 2 shots
at the Land's End station.
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The maximum amplitude distance of FMP at the Land's
End station is less than that observed for line 1, It is
estimated that the average crustal velocity is about 6.25 km/sec
in the southern part of the line and 6.20 km/sec in the northern
part. In view of the uncertainties involved, these estimates
are not considered to be significantly different from those
obtained for line 1,

There 1s also a possible secéndary maximum amplitude
of PMP at greater distances (see traces of shot 25 at the Land's
End station and shot 24 at the Waterford station). This means
that there may be an increase of velocity with depth in the lower
part of the crust. However, a persistent ﬁg phase is difficult
to recognise on either record,

There are many other phases on these records especially
from the more distant shots on the Land's Ind record. For exanp
a phase showing a similar trend to the Pn arrivals can be seen
approximately 3 seconds behind the first arrivals from shots Lk
to 2h, 3 phases are also present although their onsets are
difficult to pick in most cases, However, in the absence of
any reliable methods of analysis of these records no further
interpretation of the data from this line has been attcmpted,

A crustal model is presented in Ffig. 34 but its unrelisble

nature must be emphasised.

L,29

Ley
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Loh,6 Line 3, results and interpretation

A similar problem regarding the messurement of
amplitudes occurs for this line also, However, the overall
interpretation of the data is more relisble than that of line 2
because of the availability of a few velocity filtering measure-
ments and the more reliasble nature of the first arrival travel
time results.

The stacked record for the Land's End station is
presented in fig. 37. It is slightly less complicated thean
the records of line 1 and line 2 at the szme station. The PMP
vhase is prominent on the traces of shots 35 to 38 with its
maximum amplitude distance estimated to be about 75 km. Its
apparent velocity increases from 7.1 km/sec for shot 38 (109.4 km)
to 8.1 km/sec Ffor shot 35 (60,6 km). A secondary amplitude
maximum may occur at a distance of 140 km (see trace of shot 40,
fig. Z7). S phases are visible on all traces but their onsets
are mostly difficult to pick with certainty. HNo other persistent
phases are seen on this record.

Some of the stacked records of the French stationsare
presented by Revoy (1969) but a composite record of the P arrivals
only is presented here (fig. 38),. The most prominent feature of
this record is the presence of the large amplitude secondary P
arrivals, The sudden increase in amplitude of the PMP arrival

at a distance of czbout 80 km and the secondary increase in




Fig,37. The stacked record of the line 3 shots
at the Land's EZnd station.
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Fig.38, The stacked record of the line 3 shots at
the French stations,
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amplitude at a distence of about 160 kmbare clearly seen,

A study of the individual French stations indicatcs that the
frequency content of this phase changes 1ittle from shot to shot
and that the maximum amplitude distance at each station falls in
the range 75 to 85 kn. Thus the estimate of 80 & 5 km is
thought to be a reliable estimate of the real maximum amplitude
distance,

The observation of this distance has been used in a
similar manner to that for line 1. The critical distance is
assumed to be 65 z 5 km using Cerveny, The estimate of
absolute maximum crustal thickness is 38.8 % 2.5 km and a
better estimate of the maximum crustal thickness is 31.5 z 2.h kn,
The estimate of real crustal thickness is 28.4 £ 1.1 km and the
average crustal velocity is 6,08 % ,11 km/sec. For the same
reason as that given in section 3.3.5, the sbove estimate of
rezl crustal thickness includes the varying thicknesses of
sediment known to be present in tﬁe Tegion of ﬁha‘shots.

The estimates of real crustal thickness and average crustal
velocity are not significantly different from those along line 1.
If there is a difference in the average crustal velocities as
seen along both lines, then it is explained by the fact that

the effects of the sedimentary low velocity layers have not

been completely eliminated in the estimation of the crustal
velocity along line 3, The effect is thus to weilght the

average velocity to a slightly lower value.
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Yhus the crustal model along the region of the line 3
shots and French stations consists of a horizontal layer about
28 km thick underlain by the Moho with an upper manﬁle Pn
velocity of .07 km/sec. The average crustal velocity is
6,08 km/sec and the upper parts of the crustal layer in the
region of the shots consists of up to 3 km of low velocity
sediments,

The nature of the increase of velocity within the
crust required to give an average crustal velocity of 6,08
km/sec is more difficult to ascertain for this Iine than it is
for line 1, Revoy (1969) indicates a step-like increase of
velocity at a depth of 17.5 km with a sub~refractor velocity
of 6,57 km/sec and a total crustal thickness of 27.3 knm,

This gives an average crustal velocity of 6,12 km/sec which,
together with that of the estimate of real crustal thickness,
agrees closely with the findings of the present author.
However, the evidence given by Revoy for such an intermediate
refractor is tenuous, Hezd waves from such a refractor are
always secondary arrivals and the line fitted by Revoy
indicating this phase is based upon arrivals seen only on two
or three traces., On most {races there is no sign of an
arrival anywhere near the predicted time. The few velocity
filtering results available from the Lend's End station
provide little evidence of this refractor and thus its

rresence is doubtiul,
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More reliable evidence of the nature of this increase
is present in the form of the secondary amplitude maximum of

and Land's ind records. In

5}

the PMP phase on both the French
a similar manner to that shown for line 1 this secondary
amplitude maximum is evidence for a gradual increase of

velocity with depth. This is thought to be the most likely
situation along this line, However, no estimates of the depth
at which the increase may begin can be made without reliable
amplitude measurenments,

The crustal model thus proposed for line 3 is that
given in fig. 34, The wmodel has been assumed in the calculation
¢f travel times of the PMP phase, A line representing this
phase has been drawn on the Land's Lnd record (fig. 37).

Except for shot 38 the calculated travel times fall within

Ol sec of the observed travel times. The model also fits

the individual French station records reasonably well although
the line representing the PMP arrivals is not drawn on fig. 38
because of the large number of seismic traces. ~Thus the
estimates of real crustal thickness and average crustal

velocity presented here are thought to be reliable within the
error limits given. Apart from the suggestion of a gradual
increase of velocity with depth, no further reliable information

regarding the structure within the ecrust along this line has

been obtained.




4,5 Conclusion

The interpretation of the south west England
experiment data presented here has been based largely upon
the use of the PMP arrival,. Its presence on these records
has been proved almost conclusively by amplitude and velocity
filtering measurements and by the goodness of fit of the
observed travel times to those calculated for it, More relisble
estimates of real crustal thickness and average crustal velocity
have been obtained by using it in conjunction with the first
arrival travel time results,. Its importance has been
demonstrated also in the evaluation of structures within the
crust especially for media exhibiting suspected gradual
increases of velocity with depth,

The presence of this phase is not confined to this
experiment,  Both Berry and West (1966b) and Roller and
Healy (1963) present amplitude measurements with similar
characteristics to those described here of a phase which
they interpreted to be PMP, In their cases, however, the
secondary amplitude maxima are not explained. The stacked
records of Fuchs and Landisman (1966) show a similar set of
large amplitude secondary arrivals which could equally well
be explained by the type of structure envisaged here as that
proposed by them, It is the author's opinion that gradual

increases of velocity with depth within the crust are probably
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more widespread than is usually indicated, Section 4,4.3
has described how such increases can be recognised and how
thelir extent and magnitude can be measured. A more realistic
model of crustal structure can thus be obtained which may help
in the understanding of the nature of the materials and the

processes that occur within the crust.
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The results from the analysis of the data from the
south west England experiment have so far been presented in the
form of velocity-depth models along the three refraction lines
(see fig. 3%). The first section of this chapter compares the
broad crustal structure obtained here with that in other regions
of the British Isles. The second section discusses the
geological interpretation of the results especially with regard
to the problem of origin of the granite, A4 final section provides
suggestions for the design of futufe crustal structure experiments
around the British Isles in the light of the experience gained
from the south west England experiment and the general standard
of the data collected: from previous seismic experiments in the

region,

5.1 Comparative crustal structure around the British Isles

The nearest profile to those of the south west England
experiment is that of Dunce et al (see fig. 4). They suggest
that the Moho is dipping southwards along the line from about
16 km depth at the northern end to about 25 km at the southern
end with a Pn velocity of 7.7 km/sec. The poor weather
conditions experienced and the fact that the Pn arrival would

be seen as first arrivals only along a short segment of the




line may mean that this interpretation is considerably in error.
This is reflected in the tentative way in which Bunce et al
present their model.

Profiles shot off the continental margin south west
of the profile of Bunce et al may be more reliable, Most of
these profiles show a typilcal 0ceanic crust with crustal
thicknesses varying from about 14 km near the continental
margin to about 10 km in deeper water areas (Ewing and Zwing 1959,
Hill and Laughton 1954),  Crustal velocities scem to vary
considerably but the Pn velocities are all about 7.8 km/sec which
is significantly less than that found in the south west England
experiment and in other experiments on the shelf around the
British Isles (see below).,

One of the more recent crustal structure experiments
carried out in the British Isles is that reported by Blundell
and Parks (1969), They present the results of a time term
analysis of the data collected from a seismic experiment undertaken
in the southern Irish Sea in 1965, Although the author would
challenge their Pg solution because they have used Fg data as
well as Pg in the evaluation of the Pg time terms, the remaining
results are probably reliable within the error limits given,

There are significant differences between the crustal
structure in the southern Irish sea region and that along lines 1

and 3 of the south west England experiment. The main difference
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is that there is reliable evidence for an intracrustal
refractor at a depth of about 24 km beneath the Irish sea
with a subrefractor velocity of about 7,3 km/sec, The upper
crustal velocity was found to be about 6,14 km/sec and thus,
for any finite thickness of the lower crustal layer, the
average crustal velocity beneath the upper crustal sedimentary
layer will be significantly larger in this region than that
found in south west England. The depth to whieh the 7.3 km/sec
layer extends, i.e, the depth to the Moho, is difficult to
ascertain with certainty because of the unreliabilities of the
Pn time terms, Pn arrivals were recorded only at the Eskdale~
muir and Rookhope stations with the result that control on the
velocity was poor, However, their estimate of 29.9 I 2.4 km
is probably relisble within the error limits given, Thus there
is evidence of a significant difference in average crustal
velocity between the two regions and a possible difference in
total crustal thickness,

The average value of the Pn time terms for the
southern Irish sea region given by Blundell and Parks is
3434 sec, This is significantly larger than that obtained
along line 1 of the south west England experiment (2,99 sec)
but similar to that found along line 2 (3.44 sec). Most of
the difference that is observed can be attiributed to the

variations in sedimentary thicknesses present at each survey




point but no furiher comparison is warrantable until the Pn
time terms from the Irish sea are obtained more reliably,

Information about the crustal structure beneath
northern Britain is provided by the explosion programme carried
out to calibrate the UKAEA seismic array at Eskdalemuir, The .
results have been interpreted in terms of crustal structure by
Agger and Carpenter (1965). A time term analysis was applied
toe both the Pg and Pn data, However, in both cases the
requiremént for interchange was not fulfilled, thus necessitating
the assignment of a value to the arbitrary constant which is
present in each solution, Also for the Pg solution, both Pg
and ?g data were used although the possibility that the
secondary P arrivals could be a phase equivalent to ?m was

g

recegnised, The reliability of the time terms depends largely
upon the reliability of the value chosen for the arbitrary
constant, For the Pg case this value can be assumed reasonably
accurately but as Agéer and Carpenter point out "the arbitrafy
constant. for the Pn data is subject to a much wider range,
with 1little geological or other geophysical evidence to
guide the choicel,

There is considerable variation in the Pn time term
thus obtained, The value obtained for the Eskdalemuir station
was 2.87 sec. Those obtained from the Irish sea and south

west England experiments were 3,04 and 3,14 sec respectively.




Assuming that the value chosen for the arbitrary constsnt was

a reasonable one then this difference may be explained by the
fact that poor velocity control was obtained by both the Irish
Sea and south west Znglond experiments whereas fully reversed
coverage was obtained in the Eskdalenmuir calibrations experiment.
This value is thus not significantly different from the typical
value found in the region of the stations along the south west
England peninsula (cf. 2.72 sec at Land's End, 2.89 sec at
Bodmin Moor). The P velocity obtained from the time term

g

+ - -
- .06 km/sec, This was assumed to extend

solution was 6,12
all the way down to the bottom of the crust in the estimation
of crustal thicknesses. These estimates were 27,1 km at the
Eskdalemuir station and 25.1 km st the Rookhope station.
Estimates of crufal thickness at the shotpoints ranged from
22,3 km for shot 5W to 34.2 km for shot 1W,

The velocity within the crust is almost certainly
higher than Pg’ thus the true crustal thicknesses are probably
larger than those given above. It is thus suggested that the
crust beneath northern England is significantly thicker than
that in the south west England area. The Pn velocity obtained
by Lgger and Carpenter (7.99 = .10 km/sec) is not significantly
different from that found elsewhere in the British Isles. No
reliable estimate of the average crustal velocity in the
northern England area is available but it is suspected that
it is more comparsble to that in the southern Irish Sea than

to that in south west England.

\n
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One further observation given by Agger and Carpenter
was that of the possible presence of an intracrustal refractor
as revealed by velocity filtering measurements at the Eskdalemuir
array. This would agree with the observations of Key et al (1963)
who recognised on some local earthquake records an arrival which
was interpreted to be a P* arrival associated with an inter-
mediate layer. This would be additional evidence of a higher
average crustal velocity in this region. However, the presence
of such a layer in the vicinity of the Eskdalemuir station was
not insisted upon by Agger and Cérpenter.

Two measurements of Pn velocity in the North Sea are
given by Collette et al (1967) and Sornes (1968), Gollette
et al shot two unreversed refraction lines, one of which was
across the Dogger Bank, The preliminary analysis of this
line gove estimates of the crustal thickness of 30 km and a
P velocity of 8.30 km/sec although subsequent examination of
the data has revealed that a P, velocity of 8.15 km/sec is
Just as likely. Sornes obtsined a velocity of §.12 km/sec
from a line of shots between Norway and Scotland but the crustal
velocity is not recliably known and cstimates of crustal thickness
are not presented. These estimates of Pn velocity are thus
probably not significantly different from those found elsewhere
around Britain,

The evidence provided by the Southern Irish and

Bskdalemulr calibreotion experiments suggest that the crust beneath
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the more northerly parts of Britain may be significantly

thicker than that beneath south west England, Also there is
relisble evidence that, at least beneath the southern Irish Sea
and probably more widely in northern Britain, the average crustal
velocity is significantly larger than that in the south west,

The significance of these observations will be discussed in

the next section.

5.2 Geological interprefation of the results from the south

west England experiment

This experiment has not been primarily concerned with
the geological nature of the surface layers in the south west
England region. However, where certain structures havé been
found, e.g. the sedimentary basin in the northern half of line 2,
brief geoclogical discussions have been presented (see Chapter 3).
The main object of the experiment was to elucidate the orustal
structure in the region a2long the granite batholith and in two
lines at right angles to it. Parameters such as P-wave
velocity have been measured and structures have been sought
which may suggest the type of materials present and the processes
that have occurred within the crust in this region,

The main feature of the Earth's crust in the area
covered by the south west England experiment is that of the

remarkable consistency it exhibits along two of the lines of shots,
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In the region of lines 1 asnd 3 the crust is about 27 to 26 km
thick bounded by an almost flat-lying Moho. The Pn velocity

is about ©.07 km/sec and the average crustal velocity is about
6.1 to 6.15 km/sec. The results from line 2 of this experiment
indicate that the Moho may dip gently towards the north at least
along the northern half of the line with the result that the
crust may be about 30 km thick beneath southern Iresland.

There is also some indication of a =lightly higher Pn velocity
and average crustal velocity along this line when compared to
those along lines 1 and 3. However, the results from line 2
are not as reliable as those from lines 1 and 3 and it may be
that there is no significant difference in these parameters

from all three lines of the experiment,

The southern pért of the south west England experiment
is located well within that part of the crust dominated by the
Hercynilsn orogeny. As has been indicated in ssction 5,1, the
average crustal velocity in this region seems to be significantly
lower than that in the northern parts of Britain, These latter
areas are situated in regions of the crust which have been
dominated by the Caledonian orogeny and have not subsequently
been affected seriously by later orogenies, It is suggested
that the difference noted in the average crustal velocities
nay be related not so much to the different orogenies thenm~

selves but to the difference in the type of materials that
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were availlazble for formation of 'new' crust in the areas
affected by these orogenies. Selsmic P-wave velocities
within the basement rocks are predominantly lower in the
Hercynian regions of the south west England wrem wirens: tohpared
to those obtained in the Caledonian region of the southern
Irish Sea and in northefﬁ Britain, This difference at- the
surface may reflect the situation throughout the whole thick=
ness of the crust in these contrasting regions,

If there are significantly higher average crustal
velocities along line 2 of the south west England experiment,
an explanation may be found in the fact that this line is
close to the front between Caledonian and Hercynian belts.,
The crustal structure may be considerably complicated by the
mixing togelher of two types of crust. The residual graph
for the Land's End Pn data, after being compensated for the
effects of the sedimentary basin (see section 3.3.4), may
possibly be explained in terms of complexities at lower
levels within the crust in this region,

Most of the early theories of the composition of

the Earth's crust divided the crust into two layers, an upper

"grenitic' layer and a lower 'basaltic! layer. Several
variations of this theme have been suggested. For ex=mple,

Bott (1961) postulated a crust consisting of an upper

metamorphic layer beneath which a granitic layer is present




rising to the surface at the centre of mountain ranges. A
layer below the granitic layer is postulated to be 'basaltic'.
Recently, experimental and petrologic evidence has shown that

the inference that the lower crust ils composed of gabbroic

and basaltic rocks is almost certainly wrong (Ringwood and

Green 1964, Green and Ringwood 1967, Ringwood and Green 1966a),

In a paper discussing all their evidence, Ringwood
and Green (1966b) show that gabbroic and basaltic rocks cannot
exist at the pressures and temperatures which are presumed to
be present in the lower parts of the crust. They suggest that
in stable continental regions where the lower crust has usually
undergone a complex orogenic, magmatic and metamorphic evolution,
conditions are usually dry and the lower crust is probably
composed of zmcid to intermediate rocks in the eclogite facies.
However, in regions which have undergone a comparatively simple
evolution under wet conditions, according to Ringwood and Green,
the lower crust might contain large amounts of amphibolite,

The Caledonian region of northern Britain may be
described as having undergone a simple evolution under wet
conditions in the context QflRingwood and Green and thus itv
is possible that the lower crust in this region may consist
of large amounts of amphibolite. The P-wove velocities
measured in the southern Irish sea regioﬁ especlally are
consistent with this hypothesis, On the other hand, the

velocities measured in the Hercynian regilon of south west

10
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England are not wholly explained by the contrasting presence
of a lower crust composed of acidic to intermediate rocks in
the eclogite facies. The region may have been subjéct to a
more complex orogenic, magmatic and metamorphilc evolution but
the materials that were aveilable for the formation of the 'new!'
crust during this evolutionary process must have been different
from those available in northern Britain. The types of geol=-
ogical environment known to have been present in the two regions
are consistent with this conclusion. Vast thicknesses of
relatively high velocity basic volcanic lavas and tuffs are
known to have been laid down along with sedimentary material
in the Caledonian geosyncline whereas in the regions affected
by the Hercynian orogeny in the south relatively little volcanic
material was deposited.

The description of the upper crust as "metamorphic!
is ressonable in that the basement in many parts of the world
is seen to be composed predominantly of metamorphic rocks,
Apart from the presence of the granite batholith, this is true
for the area covered by the south west England experiment where
metamorphosed Devonian slates are present along the peninsula
and metamorphic rocks occupy large areas of the basement in
north western Frauce, The presence of a true granitic layer

beneath the 'metamorphic' layer, however, is still speculative,




The seismic results from line 1 have confirmed
that a homogeneous layer, interpreted as granite, extends
to a depth of about 10 to 11 km, Beneath this layer the
lower crust has been interpreted to consist of materials
exhibiting a gradual increase of velocity with depth to
the base of the crust which is at a depth of 27 km, The
true granite is thus occupying well over a third of the total
crustal volume and it is shown to merge gradually into the
lower crust.

4 possible sequence of events leading to the origin
of the granite batholith can be postulated, During the
Hercynian orogeny, the crust was remobilised and fhe granite
was Tormed by a process of selective fusion within the lower
part of the crust, The true granite then migrated upwards
towards the Farth's surface. As it did so, the relatively
low velocity country rocks were broken up and sank as stoped
material through the rising granite material. The Llower
crust thus consists of a mixture of the residuum left behind
from the process of granite formation and the stoped material
of the upper crust which the granite has replaced. The
relatively low average P-wave velocity may be explainedAby
the presence of large amounts of the low velocitiy upper crustal
material which are present at depth. Those regions off the
line of the batholith have probably not contributed to the

process of granitisation. They owe their low average crustal
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velocities to the low upper crustal velocity and the relatively
low velocity in the lower crustal material whose acidic
components have not been removed. A geological interpretation
of the crustal structure in the region of the granite batholith
is shown in fig. 39.

The geological interpretation presented above may
be the subject of some difference of opinion but, at least,
the =zim of the south west England experiment to investigate a
granite batholith in relation to the crust as a whole has
provided further information which may help in the understanding

of the origin of granite and its mode of emplacement.

5.3 Suggestions for the design of future crustal structure

experiments

In the light of this interpretation of the south
west Hngland experiment and of those of other similar experiments
around the British Isles, the following suggestions for the
design of future crustal structure experiments in the region
are proposed,

1) The advaentage of the optimum shot and station
conditions present in the British Isles should be utilised,
The large sea areas bounded by the peninsulas of the British
Isles provide the best conditions for the firing of large

charges of explosive and for reception of the seismic waves




T suTT FuoTe Tepow Te3snId 22U JO uotqegexdaecarut TeoTS0T003 oyj ‘e 3T

.- A D3S/NX 69 lnosyv . . OHOW .

h . LA
— . O.P . . . . . . - - . . . . . EDao_mwa. - ._.
| ONISVIUINI - - -« « +« - « « - - . . SNd- .

U awmoiaa LT qwiyaww aadots . . . . s
DR ) . o . N

. . . N NG . ./ \. ./ i

4 N J N N y \ AN A
\ \ .y / \ \ \ s

/ o N 7 y \ / y; / / RN N /
20 /W9 292 | SN = . / /\ ISR N

\ d ‘N 7 . 3LiNveo O _/\\_ LRI

| O3S/ Wi se's | ! N < N, NN

/ / “‘\/: AR N V2 2 N AN BN / \,“‘\ _,—.\

3 M




5.14

thus generated alt large distances. Navigation by the usual
methods (Decca, Loran) is usually good in the sea =areas around
the British Isles except for a few localities. In addition,
the use of satellite navigation is a further advantage which
should be used if possible.

2) An experiment should be planned in relation to
the known geological and geophysical features of the region,
This is exemplified in the south west England experiment where
lines of shots were exploded, one along the line of the granite
batholith and two others at right angles to the known geological
trends.

%) Provision must be made for the measurement of
upper crustal variation in thg viecinity of each shot point,
This usuvally means the'use of one or two ships using the seismic
reflection technique (Hersey 1963), a sonobuoy refraction systen
(Hill 1963) or a two ship refraction system (Shor 1963) in the
evaluation of such parameters as the thickness and the seismic
velocity of the sediments above the basement, These ships may
also be used in the main experiment to record the large shots.

4) In addition to the study of refracted arrivals,
adequate provision should be made for the detailed study of
the PMP phase and the other impor%ant phases described in
this thesis. This is probably best achieved by the use of

lines of shots between pairs of stations, In this way stacked
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records can be obtained which may be used for correlation
PULrpoOsSes, The use of arrays of seismometers for at least
one of each pair of stations is also suggested for the
measurement of phase velocities which azids identification.
In addition, the lines of shots can be used to obtain reversed
estimates of particular refractor velocities providing that
overlapping segments representing the same refractor are present.
The shot spacing along these lines is important,
Tn the regions of interest, e.g. near any suspected cuép point
on a travel time graph, the shots should be as closely spaced
as possible, 4 maximum shot spacing of 5 km should be sought
if reasonably reliable estimates of, for example, maximum
amplitude distances are to be obtained. The size of the
shots is also important in this respect. Amplitude mezsure=-
ments are facilitated by the use of standard shot sizes and
it is thus suggested that along these lines, at least, the
size of the shots should not be altered,
5) The use of the time term approach as a basis
for the design of an experiment is suggested although the
following points should be considered,
a) It should first be ascertained whether any
of the basic assumptions inherent in the time term approach
are likely to be violated in the particular area of study.
If they are, then the method of analysis should be abandoned

and another basis of design adopted,




b) Provision for the interchange requirgment
must be made.

c) P_ arrivals are seen only in the range 10

L)

to 120 km and Pn arrivals at distances greater than 120 km
Or Tmore, The shotestation configuration mus% be designed
accordingly if reliable time terms for these two refractors
and for any intermediate refractor are to be obtained.

d) The shot~-station configuration must provide

lines of shots for the reason given in item 4 above,

It is hoped that future crustal structure experiments
will benefit from these suggestions which are based upon the
experience gained from the south west Hngland crustal structure

experiment.
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APPENDIX A

Scuth west BEngland experiment - shot data

DEPTH
(METRES)
i oymTRES

154
160
154
156
126

142

60

POSTTION
N W
49%1.08  8°33.5u
49%09.08  8°16.0w
49%14.58  8°05.5W
49%19,08  7°5k.0W
4oL, 0N %2, 0w
49%28.0n  7°31.0W
49°33,00  7°19.0u
49%38.08  7°06.0W
49%43, 08 6958.0w
49°46,50  6°46.00
49%50,20  6°35.1W
49%s2,18  6%27.3W
59°%55.98  6°13,9u
49°s8.08  6°09.2w
50°00.18  6°03.6W
50°03.20 575k, by
50%05.18  5%47.9u
50%06.18  5°45.0u
50%01.28 5°43,50

H
ik

SRROR

(k)

3
2

TIME

8TH NOV. 1966

06
07
07
08
09
09
10
11
12
12
.13
13
14
15
15
16
16
16

17

0l
15
56
37
19
58
Ll
26

Ol

14
33
06
37
53

7TH

00

03,41
56.86
11.80
k2,00
50.07
45,72
Lé,24
47,99
50,68
S5hk.22

o] =

051

30.13

37.50

56.20

56.83
23.68
03.69

A.1



21

23
2h
25

DEPTH
(METRES)

YL MeTRES

50

4l

92
104
106

114

108
108

100

100
102
116

1038

POSITION

N

50°11.5N

50°13.2N

51°28 . 4N
51°21.0W
51°13.8n

51%04 . 9N

50°57 ,5N
50°49,, 5N
50°41, 2
50°35., 5
50°27,9N
50°19.8N
50°01.1W
49°55, 6
49°48 , 9N

49%41 4

49°33 7N
49°26 .10

49°18, 2u

W

541, ou

5°35.00

6°36,1W
6°29 . 7w
6°25,5u

6°16.8u

6%10. 2w
6°03. 6w
5°57.1wW
5°52,9%
5°45, 6w
5739, 4y
5%25.2u
5°19.7W
5°16.3u
5°09 , iy
5°03.5W
4°56 ,9u
4°50, 3w

ERROR
()

0.5

0.5

0.5
0.5
0.5
0.5
0.5

TIME

8TH NOV.

17 23

5TH
10 59

LrH
21 23
22 01
22 bk
23 33

5TH
07 00

07 40

08 23 C

08 51
09 39
10 20
13 48
14 17
14 50
15 30
16 08
16 48
17 28

1966

19.13
NOV.

19.02
NOV.

48,99
39.49
30,34
05,96
NOV,

58,95
53.13
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39
40
41

2
43
Il
45

Note

DEPTH
+(MBTRES)
- 4 METRES

110
132

i1z

64

82
80

S Ol accuracy

POSITION
N W
49°%11.08 4°4L4 9w
49°02.98  4°39,50
48%55,18  4933,0u
51°58.60  7°00.7w
51%50. 78 6955, 2w
51°44 1% 6%49.5u
51%36.70 6°%43,0u

TIME

5TH NOV, 1966

18 06 56,63
18 47 07.61
19 25 30.11
LTH NOV,
18 45 46,16
19 27 51.49
20 0% 52,98

20 40 16.81

The shot position errorsiare the maximum errors as supplied

by the Navy.

Depth limits also given by the Navy (N.B. all shots exploded

on seabed).

Because of some difficulty in identifying the water wave

arrival for shots, 19, 28, 29, 31, 34, 38, 39, 40, 41,

Ll these times are within = 0.05sec .,

are estimated to be within i 002 sec,

All other shot times

be3



SHOT

NO.
1

2

o~ Oy Ut

APPENDIX B

First arrvival travel time data for all stations from

the south west England experiment

FIRST ARRIVAL
ONSET TIME

HRS
06
07
07
08
09
09
10
11
12

12

MIN
ol
16
56
38

20

o1
38
12
&9
o7
1k
3h
06
37
Sk
23

SEC
33,78
2355
36.30
04,49
10,11
03.01
00,51
59.30
59.58
00.46
52.30
32.15
38,61
58439
00,35
29.30
10.67
00,56

28,11

SCTLLY ISLES

RANGE
KM

191.8
165.9
149,7
133.4
116,2
101.0
83.8
65.6
52.8
37.0
22,2
12.3

5.5
12,0
19.7
32,1
40,6
Lh 6

50.8

*0.02
+0,02
+0,02
+é.02
#0,02
+ 0,02
+0,02
+0,02
+0,02
+0,01
+0,01
+0,0
+0,01
+0.01
+0,01
0

0

18T ARRIVAL
TRAVEL TIME
SEC
30.40
26,70
24,50
22.50
20,05
17.30
14,25
11,35
8.90
6.25
3.80
2.05
1.10
2.20
3455
5.60
7.00
7.70

9-00

Aot



SHOT

NG,

19
21
27
28
29
30

31

FIRST ARRIVAL
CNSET TIME

RS

17
10
o7
08
08
09
10
13
14
1k
15
16
17
18
19

o7
07
08
09
09

MIN.

00
59
41
253
52
4o
20
48
18
50
3l
09
28
L7
e5

o1
16
56
38
20

5aC

13,14
29.15
10.90

19.0

21.54
L2, 54
10.38
20,15
00.77
16.0

22,61
33.46

58,62

LAND'S END

41,31
31.20
43,67
12.01
18.03

11.66

RANGE
KM
42,1
61.4

101.8
88.3
80.3
71.8
64,9
64,5
70.3
75.4
86.8
98.6

126.6

154.1

169.5

252.9
227.0
210.8
194,5
177.3

162.1

ty
HEIGHT SEC

+0,01
+0,01
+0,01

+0.01

+0,01
+0.01
+0,01
+0,01
+0,02

+0,0L

=0,02
-0,02
-0.02
-0.02
-0.02

~0,02

FiO =
Ko 7

15T ARRIVAL

TRAVEL TIME
SEC
7 40
10.15
17.75
15.85
13.75
12,40
10.90
11,10
12,10
13,30
15.30
17.20
21.85
26,85
28,50

3790
34,30
31.85
30,00
27.95

25.90



FIRST ARRIVAL & 15T ARRIVAL
SHOT ONSoT TIME RANGE h TRAVEL TIME

NO. HRS MIN B3EC K HEIGHT SEC BEC

LANDAS END (Cont.,)

7 10 45 10,04  144,9 - ~0.02 23.80
8 11 27 09.57 126.7 ~0,02 21.55
9 12 02 10.22 113.9 -0,02 19,50
10 12 38 11,13 98.1 -0.03 16,90
11 13 13 02,93 83.3 -0,03 14,40
12 13 49 42,79 734 -0 ,04 12,60
13 14 57 47.16  55.9 -0.03 9.65
14 15 15 0h,o4 49,1 -0,03 8,70
15 15 34 Oh.23  Al.h -0.03 7435
16 16 06 28,87 29.0 -0,04 5.15
17 16 37 7.35 20.5 -0.04 3.60
18 16 53 55,71 16,6 -0 , 04 2.90
19 17 00 09.62  21.3  =-0,0k% 3,80
20 17 23 21.59 13.5 -0,0k 2.40
21 10 59 20.07 5.8 ~0 Ol 1.00
22 21 24k 15.73 162.6 -0,03 26,70
23 22 02 03,95 147.0 -0.03 24,45
24 22 k4 53,45 132.9 -0.03 23.10
25 23 33 26,14 113,6 -0.03 20.15
26 07 01 16,65 979 -0.03 17.65

27 07 41 07.50 81.1 ~0,03 14,35




BIRST ARRIVAL £ 15T ARRIVAL
SHOT ONBET TIME RANGE h TRAVEL TIME
KO, HRS MIN BSEC KM HEIGHT SEC SEC

LAND'S END (Cont.)

28 08 23 14,51 63,9 -0,03 11.35
29 08 52 04,30 52.3 -0,03 9.15
30 09 40 04,37 35.8 -0,03 " 6.65
31 10 20 13,68 19.1 -0,04 3.00
32 13 48 35.04 19,5 ~0.0k 3455
33 14 18 ohk,02  31.6 -0,0k 5,70
3h 14 50 15.12 44,3 -0,03 8.25
35 15 30 56.74%  60.6 -0,03 11.25
36 16 09 02.26 76,6 -0.03 13,60
37 16 48 18.0 92.7 -0,03 16,40
38 17 28 20.43 109.4 ~0,03 19.65
39 18 07 19.10 12k.3 -0.03 22,45
4o 18 43 21,07 140.6 -0,02 24, ho
41 19 25 56,88 157.1 ~0.03 26,75
Ll 20 Ok 23,55 195.6 -0,03 30,55
45 20 KO 45,91 179.9 ~0,03 28,95

CARNMENELLIS

1 06 01 44,10 273.,7 -0,02 40,65
2 07 16 34,16 247.8 -0,02 37,30
% 07 56 46,72 231.7 ~0,02 34,90



DITT Y
SHOT

No.

o 3 Oy AN

O

10

11

13
14

15

17
18

20

~3 Oy MW

oo

FIRST ARRIVAL
ONsSET TIME

HRS

09
09
10

11

16

17

07
09
09
10

11

MIN

20
59
L5
27

02

BEC

RANGE
KM

CARNMENELLIS

20.98
14,59
13.20
12.45
13.41
14,82
6.62
46 .48
50.95
8.54
7499
32.64
11.21
59.55
25.70

B

198.3
183.1
166,0
147.9
125.3
119.5
104,7
94,8
772
70.6
62.9
50.7
ho,2
38 4
35.8

ODMIN MOOR

53,58
2745
21.11
19.70

19.13

286,0

“n

HEIGHT SEC

~0,02
~0.02
~0,02
-0,02
~0.02
~0.03
~-0.03
-0, 04
~0.03
~0.03
-0,03
-0 ,0kh
-0.04
~-0,04

-0.04

~-0,03
-0,03
=-0,03
-0.03

~0.03

18T ARRIVAL
TRAVEL TIME
SEC

30,90
28.85
26,95
2k b5
22470
20,55
18.10
16.30
13,80
12,30
11.15

8.90

750

6.75

6.50

Lk1.75
3745
35.35
33.45

31.10

L
e O



SHOT
IO,

20

21

22

FIRST ARRIVAL
ET TIME

ON5

HRE

12
12
13
13
14

15
16
16
16
17
17
10

MIN

02
38
13
49
57
15
3h
06
37
Sk
00
23
59
24

00
L
22
52
40

20

SEC

20.00
21.50
14,15
54,38
59.45
17.45
17.00
41.6
20,22
8.60
22.7
34,02
31.80
17.10
28.95
20405
11.68
1949
10.50
11.85

23,28

RANGE
KM

BODMIN MOOR

189.0
173.2
158.5
148,6
131.1
124,3
116.6
104.2
95.7
91.8
95.1
86,2
75.1
175.8
122.3
120%3
107.6
96.1
89,6
80,7
75.8

by

HEIGHT SEC

-0,03
~0,04
-0.,04
=0,05
-0 ,04
-0.,04
~0,0k
~0,05
-0.05
~0,05
-0,05
-0,05
-0,05
-0.,04%
-0,04
-0,04
-0,0k4
-0 Ok
-0.04
~0,04

=0,05

18T
zj

RIVAL

ARRT
E TI

K
JEL
b

29.30
27.25
25,60
24,20
21.90
21.20
20,15
17.85
16.50

5.80
16.70
14,85
12,75
28.05
22.95
21.15
18.50
16,70
15.70
14.10

12,60

B

LY



A.10

FIRST ARRIVAL £ 15T ARRIVAL
SHCT ONGET TIME RANGE h TRAVEL TIME
NO, HRs MIN B8EC K HEIGHT 5B SEC

BODMIN MOOR (Cont.)

32 13 48 45.0 78,3 -0.05 13.50
33 14 18 12.45  81.5 -0.05 14,15
34 14 50 22.50 89.4 -0 0k 15.70
b1 19 26 00,50 176.k4 ~0,0k 30.35

DARTMOOR

3 07 56 59,32 335,9 ~0.,06 L7 b5
7 10 45 25.25 270.0 -0.06 39.85
8 11 27 25.30 251.8 ~0,06 37.25
11 13 13 19.94% 208.h4 ~0,07 31.35
12 13 50 00.41 198.5 -0,08 30,20
13 1h 58 5,62 181.1 -0,07 28,05
14 15 15 23,57 174.3 -0.,07 27.30
15 15 34 23,34 166.5 ~0,07 26,45
16 16 06 49,00 154.1 -0.08 25.10
17 16 37 27,45 1bLs.6 ~0,08 2%.70
18 16 54 16,06 ‘141.7 -0.08 23.25
19 17 00 29.45 144,9 ~0.08 23.60
20 17 23 41,75 136.0 ~0,08 22,55

WATERFORD
22 2L 24 05.86 92,3 0 16.85
23 22 01 58,77 107.8 0 19.25

24 22 Lt 52,08 122.,0 0 21,75




FIRST ARRIVAL 13T ARRIVAL

SHOT ONSET TIME RANGE by TRAVEL TIME
NO. HRS MIN SEC KM HEIGHT SEC SEC
WATERFORD (Cont.)
25 23 33 30,40 141.3 0 2h 45
26 07 01 25.22 157.0 0 26.25
27 07 41 21.11 173.7 0 28.00
28 08 23 23.32 190.9 0 30.15
29 08 52 26,71 202.5 0 31.60
30 09 40 31,02 219.0 0 33,30
Lo 18 45 51,440 29,7 -0,01 5.25
L3 19 28 00.15 45,6 0 8.65
Lk 20 o4 04,18 59,4 0 11.20
45 20 ko 30.72  75.0 0 13,90
31 10 20 47,17 235.7 -0.01 35,40
ESKDALEMUIR

22 21 24 56,2 484,21 -0,04 67.15
23 22 02 47,4  493.3 -0,0k4 67.85
24 22 L5 39.6  503.h4 ~0,04 69.20
25 23 34 16,4 514,6 -0.,04 70.40
26 07 02 10.30 524.5 -0.,04 71.30
28 08 2k 17,9  547.7 -0,0k4 75,70
29 08 53 10.8 556.2 ~0.04 75.65
30 09 41 1hk.6 567.1 ~0.05 76.85
Lo 18 46 48,4 4493 -0,05 62,20
43 19 28 55.0  A58.4 -0.04 63.50
e 20 Ok 57.7  h65.7 -0,04 64,70

L5 20 h41 22.6 47kl -0 ,04 65,75



Aol

FIRST ARRIVAL " 1ST ARRIVAL
SHOT ONSET TIME RANGE h TRAVEL TIME
NO. HRS MIN SEC KM HEIGHT SE SEC

FRENCH 2

Ly 19 25 30,11 46,7 0,01 8.10
40 18 47 18.92 63.1 0.02 11.30
39 18 07 10.53 79.5 0.01 13.90
38 17 28 17.36  94.3 0.01 16,60
37 16 48 20.9 111.0 0,01 19.35
36 16 09 20,36 127.2 0.01 21,75
35 15 31 09,33 143,1 0.01 23.85
3h 14 50 32,74 159,3 0,01 25,90
33 14 18 25.72 172.2 0 27.45
FRENCH 3
41 19 25 40,15 57.5 -0.01 10.05
40 18 47 20.87  73.9 0 13.25
29 18 07 12.43 90.3 ~0.01 15.80
38 17 28 19.4  105.1 ~0,01 18.65
37 16 48 23,0 121.8 -0,01 21,45
36 16 09 21.97 138.0 - =0,01 23,15
35 15 31 10.63 153.9 -0,01 25,15
FRENGH &
L1 19 25 41.82 66.9 0 11.70
4o 18 47 22,47 83.4 +0,01 14,75
39 18 07 14,11 99,7 0 17.50
28 17 28 21,01 114.6 0 20,25
37 16 48 24,50 131.3 0 22.95
36 16 09 23.09 147.4 0 24,50

FRENCH 5

41 19 25 k3,78 97,7 -0,02 13,65
40 18 47 24,43 oh,2 -0,01 15,80
39 18 07 16,00 110,6 -0,02 19,35
38 17 28 22,71 125.4 -0,02 21.95
37 16 48 25,8  142.1 -0,02 23,25
35 15 31 13,36 174,2 ~0,02 27.90



AJL3

FIRST ARRIVAL £ 1ST ARRIVAL
SHOT ONSET TIME RANGE h TRAVEL TIME
NO, HRS M™MIN SEC M HEIGHT SEC SEC

FRENCH 6

L1 19 25 45,17 87,0 0 15,05
Lo 18 L7 25,85 103,5 +0,01 17.85
39 18 07 17.43 119.8 0 20.80
FRENCH 7
L1 19 25 46,9 97.0 =0,02 16.75
Lo 18 47 27,5 113.5 -0,01 19,90
39 18 07 19.06 129.9 ~0,02 2240
28 17 28 24,88 144,7 =0,02 24,10
35 15 31 15.50 193.5 -0,02 30,05
FRENCH 9
L1 19 25 50,58 119.5 -0,01 20,45
Lo 18 47 30,6% 135,9 0 23,00
36 15 09 29,60 200,0 =0,01 31,00

FRENCH 10

41' 19 25 51,78 128.2 0 21.65
40 18 L7 31,69 144,77 +0,01 24,10
%8 17 28 28,64 175.9 0 27,90
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APFENDIX C
Paper tape data input programme

The system developed by Dr. Lucas for the handling of
paper tapes had to be scrapped completely when the Elliott 303
computer for which it had been developed was replaced by the
IBM 360/67 computer early in 1968, A major problem was encountered
in this change which will be described below.

The paper tape code used by Dr. Lucazs is shown in fig.40
(see Lucas 1966 for a full description of this code). It can be
seen that the second character of a pair constituting a single
sample of imnformaticn could be,inmncertain circumstances, a column
of & blank locations., The high speed IBM 360 paper tape reader
at Newcastle ignores blank characters with the consequence that
vital pleces of information would be lost and the sequential flow

of the data interruptasd.

=S

PL/1 computer programme was written with the aid of

Mr, R. Oddy of the Durham computer unit staif to read these tapes

into the 360, Use was made of the regular pattern of blanks and
holes which appears in location eight of each character in an effort
to- overcome the blank character problem. This patltern is interrupted
when the time is written in code at the beginning of each second.

location four of each blank character in the vicinity of the time

code, This is absolutely necessary if the tape reader on the 360
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in Newcastle is To be used.

There is a tape reader on the 1130 computer in Durhan
but it is sixteen times slower thon the 360 reader. A Tape
containing 20 recorded seconds of seismic data takes 2.5 minutes
to read and store on magnetic tape using thg 360 reasder. The
1130 reader is more difficult to progrsmme for this sort of
problem, the time involved is almost prohibitive and there is
the added problem that the data must be transmitted to Newcastle
via the G.P,0, telephone link for storage. The large amounts of
data which result from a seismic survey such as the south west
England experiment are far too much to store on the 1130 itself,

A further complication has arisen with the presence of
what appears to be a random malfunctioning of the 360 paper tape
reader in the reading of single hole characters, The overasll
effect of these problems is that less thsn half of the data
recorded by the Land's IEnd station is stored properly on the
computer magnetic tape ready for processing.

The best way to overcome these problems would be to go
back to the digital recording apparatus and modify the electrenics
such that no blank character was pessible, It is possible,
however, that a Taster paper tape reader will soon be installed
in Durham and it may be that this will provide an alternastive
solution to a wmost frustrating problem,

& print-out of the programme which is used to read in

the paper tapes after they have been modified in the manner




‘j‘“

2
l_..l
[9AN

described above is given below, The main programme steps are
as follows.

1) 4 block of 1000 samples, each sample composed of
two characters, i1s read into the computer. Bach sample is
unscrambled by stringing the relevant 'bits' together to form
bit strings. These bit strings are then converted to decimal
nunbers by the subroutine STON which is written in Assembler and
permonently stored in the computer. This operation is carried
out in the double loop labelled LOOP.

2) Bach individual chennel sample is depedestalled
by subtracting the mean of the first 100 samples of the particular
seilsmic channel.

%) The computer space occupled by each sumple i1s then
halved by using the subroutine BCON which strings together one
recorded second of data consisting of 100 samples of each seismic
channel occupying a total of 2000 bytes of storage space. The
subroutine NTOS, written in Assembler and permanently stored in
the computer,is used here.

Ity  The recorded second of data, identified as REC, is
then written on to computoer magnetic tape in a physical sequential
manner,

5) The next block of data is then read and processed

in the manner described above,




A.17

The means of the first 100 samples of e=zch seismic
channel are printed on the line-printer. Also the value of the
varizble LBATCH is increased by 1 and printed on the line-printer
each time a block of 1000 samples is written successfully on to
the magnetic tane; A fineal LBATCH number and a variable TOTAL
indicating the total number of samples which have been successfully
processed are printed at the top of a new page. This dindicates

where the progromme has stopped reading the tape and thus bape

errors can be found easily.

There are several bullt-in safeguards to make sure that
the. data stored on computer magngtic tape 13 correct, The programme
will go to exit for the following reasons :

a) There are more than 3 consecutive (alternate) blank
characters, (Note, the programme could be modified, in the
subroutine PAIR, %to accept any number of alternste blank characters.)

b} If, for any reason, the first character in a pair
does not have a hole punched in location eight.

c) If the number two seismic channel does not have a
hole punched in location seven of the second character of a pair.

d) If two consecutive characters with single holes
punched in location four are detected. This is used to signify

the end of the tape,

.

The programme is itself stored on disc and the whole
operation is controlled by a simple ‘'calling' programme fed into

the Newcastle card reader terminal,




I e

Zach paper tape from the south west England experiment
was edited into lengths of 20 to 30 recorded seconds, The tapes

were read into the computer as separate data sets identified by

a dataset nawme and an 5L number. Cf the tapes that were
successfully read into the computer some were read completely

but others only partly so, A list of the dataset names and

SL numbers znd also the TCUAL numbers is given after the programme
listing. Any programme requiring to use sny one of these data
sets needs to specify the dataset name and SL number in the job

control cards.
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A2

Data from the Land's Ind station successfully recorded on

computer magnetic tape

Magnetic tape VOLUME = SOER = DEPOLSO
Shot number Dataset name ShL Length of Value of
tape in secs TOTAL
20 DGPOL20 1 12 12111
21 DEPOL2L 2 12 12091
20 DGPOL 320 3 22 22091
21 DGPCL 3L 6 12 12091
3l DEPOLzL 7 22 22071
8 (1lst part) DGPOLBA 9 20 20001
11 DGPO41L 10 22 16999
12 DGPO412 11 33 33091
13 DGPO413 12 23 23091
Lh (1lst part) DEPOLLL A 13 25 13046
16 DEPOLLA 14 22 19028
26 (2nd part) DGPOL26B 15 21 6996
2 (2nd part) DGPOL3B 16 2k 23101
L2 (2nd part) DGPOLL2B 17 20 20001
9 (1lst part) DGPO4GA 18 21 21001
1 (1st part) DGPOLL A 19 20 17028
1 (3rd part) DGPOL1C 20 20 20001
1 (2nd part) DGPO4LLB 21 20 18028
1 (4th part) DGPO4LLD 22 22 18799
2 (1lst part) DGPOL2A 23 28 16042
14 DEPOL1L 2h 23 23091
15 DGPO4LS 25 22 22091
18 DGPO41LE 26 22 22081
38 (ist part) DGPOL3EA 28 20 11705
L (1lst part) DEPOLLA 29 27 15994
4O (1st part) DGPOLLOA 20 20 20001
35 3% DGPO433 31 22 10002
35 DGPO435 32 32 32091
36 DGPOL36 33 22 11995
27 DGPOL2Y 34 33 18994
Magnetic tape VOLUME = SER = DGPCATO
26 (lst part) DGPOL26A 2 20 9608
45 (1lst part) DGPOLLSA 3 25 7962
22 (lst part) DEPOL22A 4 25 25001

5 (1lst part) DGPO4SA 5 17 16992
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APPENDIX D

LEAST SQUARES STRAIGHT LINE
COMPUTES BEST STRAIGHT L
N PAIRS OF COORDINATES. G
. INVERSE OF GRADIENT,I.E. VEL
CINTERCEPT. ALSO LG%PL?EQ ¢TA
~ THESE VALUES AND i
~ CALCULATED) FOR E&»H g”‘
~ DATA CARDS REQUIRED ARE AS F
i »1,‘£aab,egaxch TITLE GR
FORMAT AS lﬂ,b%hTLMhQ
2. N WHERE N=NUJOF PAIRS ©
. BE USED TO FIT THE STR
~-£DﬁEf;'W’ Ri":ﬁgii'ig Aw

COORDI ¥§T5J~~f~ e
V - %URMAT AS IN §¥ATF‘ % ;
CNEXT N CARDS. UiSTAMQQ” { AR
Y T<AVE£ Tlf

o . FURMAT AS 1IN
, THL PRO%KA@“; THEN RET
 BEARING'N' AND'CODE' FOR YH& :
ANY ND. OFf SEIS OF UXTx CAN Rt i ,
_?WAY , e

76A%ﬁ is ua%u ?a 5108 TH&'?QGG%Q&

alie el s e el s R R Rt o el o R s Il S S e T

,‘10 , REAu b,i)
L FORMATU(T72H

CWRITE(®,1)

S T

20 REARL5,2) N,CODE
2 FORMAT(14,2X,A%)
. WRITEl6,22) CODE
22 FORMAT(2X,A%)
L WRITEt6,5)
5 FORMAT(1HC 20X *'GRADIENT?
L'VELOCLTYT5X, ' SUM ERRORSY5X,
2'SE INTERCEPT?SX,'SE VELDCITY')
CIF (NJEQ.D) 60 TO 50

S SX=0.
SY=0,
L SX2=0.
;‘SYZ?O» )
e : 1=1 ,
30 }Ei\g{)yj} K, s
5 FBR%&T(’FIO»:)
CXLEL¥=X :
CY1(I)=Y




,;(,)j,:‘

o

o

oo

”',4 FORMAT(17X,F11.5,FLi.5, fzi.),r_Jﬂjﬁfié_;

SKA=SK+X
S SY=SY+Y
SX2=SX24 XuewD
CSY2=5Y24YwRD
SXY=SKY+X#Y
TeTer

1E (I.LELN) GO TO 30
CXN=N

Az iXN*¢A¥~‘”§5V)/{xw%SX2* X e
B= {QY*bKZ bX*SAY)i(XN%bX? 5x§sx3 o
o VEL /A o S
 RES= SY2+&*A*5X2+“*&%XN—;'ﬁA*SxY
1#2.xARBRSX
C=RES/{XN-2.)

. SAS=AN®C/(XN#SX2-SX#5X)
SBSECHSKZ/IAN#SK2=5X=5%) 5
 SA=SQRT(SAS)
SB=ESORTISBS)Y

 PERCA=100.5A7A

CSVEVAPERCA/LOO - T

W‘(ITEi(),‘I’)ﬁ ﬁ1V1L4p‘>ﬁyJinav S
18,5,
1F1655) ; S
D0 40 i*ly\ ,
AY (D)= Xl(lﬁ%&*B o
40 R{I)= Yi(I)-AY(l)
WRITE(&;@)(%Y(I)le(13o“{1) i~

6 FORMAT(1HO,20%,'CALCULATED '5X, 'OBSERVED' 5K,

L'RESTOUALY //{20X,F10+5,2F13.5))

GO0 TO 20

50 LALL EXIT

O END




RGO OO O0 OO0 GOOOOOGO o0

O OO OON 0000000 SHeR TNy

 USES METHOD OF LEAST SQUA;
_EQUATIONS GIVING TIME TE

- SUB-REFRACTOR VELOCITY (ALSO BY LEAS T35
,‘uumsrﬁazmima THIS vLLﬁfIIv TG 10 brpaaArr VALUES.

C NOTE ONLY A TOTAL OF 60 gﬁuis ;éais
. BE USED WITH THE PROGRAMME AS

fibiMENQIGV §TATEMEN1 SMUST 8E

APPL““lK E

em TEME S TERM ﬂﬂﬁLYSib PR ﬁb{A

=5 Tu
RMSFURS
STATIONS AND WITH THE OPTION O

DATA CARDS REQUIRED ARE AS FBLLQWQ

1;~Ngf wﬂgxg‘m'rs THE TOTAL NUMAER OF SuoTs

AND STATIONS.
CFORMAT AS IN STATEMENT LABELLED 10

THE ‘NEXT SET OF DATA CARDS BEAR ALL THE TRAVEL
TIME-DISTANCE OBSERVATICNS USED IN THE LEAST
‘fSQﬁﬁQES PROCESS. EACH PAIR OF RVATL:
RECORDED ON A SEPARATE CARD THUS B
1 WHERE 1" 1§ THE STATION CODE Nt
J  WHERE vJ' IS THE SHOT CGDE
TULyd) " WHERE T(1,4) IS5 THE
DBSERVATION OF TH
- . THE I'TH STATION.
,uw A(I,J} CWHERE DELT#
i fie CDISTANCE
srariu\

;NEXYfﬁﬁﬁﬁl VEL(IT)bI=14,10  WHERE VEL{IT)

ARE 10 CONSTRAINED VELdLiTY VALugﬁ‘; "

~ IF THIS CARD IS LEFT BLANK
PROGRAMME f?M?bTLS LEAST bub \RE s

COVELOCTITY. :

FORMAT AS IN STATEML€¥ LAEELL&@ 30

N%Xi Lﬂi\b 15 THAT utfi‘;\w""“
LS?UTS A ﬁ STATIONS F |
OﬁSLQVﬁTIQNS»H_

- SEQUENLE GF QQTQ L%RLﬁ
_ABOVE.,
- STOPS.

'ﬁtfé”%ﬁé‘séGTS”aéa STATI
~ CODE NUMBERS WHICH ARE L
; h A%L THERE MUST BE NO U

ARE MORE SHOTS AND SiﬁTiG%S TH

'_kaugaga OF

'",QUAQtS) or

A s
ELe




IO OO

e

CNUTE  SCIENTIFIC SUBROUTINES 7ax
*GMPRD' ARE USED BY THIS PROGR

AYS L, VMINVY OAND
. THUS THE J0B

- CONTROL CARDS MUST INDICATE THE USE DF THE
. SCIENTIFIC SUBROUTINE PACKAGE

B4

82

DIMENSICN TU60460),DELTAL60,60)

CONTINUE
DC 100 I=1,N

DU 100 J=si,n

LDy

SEELLY J;ia,ﬂ

DELTA(J, I)=CLLTAiI 3)

L GAMMA(I,dY=1.
G0 7O 25
e

B NE J) GO TO 4

GAMMA(I,J)=0.

S Ctl.d=0.
T{I+J)=0.

O UDBELTAUL, d)=0.
100

CONTINUE

zQEA@(5¢2J7'1;i'T(i’s>,D£LTATI,J§“”"'“

WRITE(6,20) 1,J,T(1,4], Jtarﬂii 3 _” 

DO 2 J=1,N

'?ﬁ(iyd}&SAﬂﬁA(I;J}+3AMMA{J}I§4ﬂ5“F#

GO0 T0 2

CE =0

DO 6 K=1,N

CCUI,1)=CL1, i)+f$MW£iI,K3+%£3@£(k,I§
CONTINUE
CONTINUE

CONTINUE

”ﬂ,WR[T?iﬁ 313%(»(1;J3,1 =1y é),d 15 &1

”},55

0O 500 I=1,N
EA(I)=0

CFA(I)=0

600

-J;uALL MINVIC Ny Dy LKy MKT =
 WRITE(6, a1)((cxz J)yi= 1,u) J= 1 6

’ MALL'uM9aP1b,FA FyNyNy1)

30 €O@gJ=13§ e e
EA({I)=EA(I)+T(I, J)*QAMMHti J>+r(3,; #{

_FA(i)~FA11>+uaLra1{,Jaﬁ(aaﬁvaiz JIHGAMMA LT, 1))
CONTINUE

CONTINUE- . =
CALL AR “AY(Q;%;& 6G 6Upb1L)

Gth1EQW1N 13

” 4tAJ(9,30)(Vht(ii);{I 1510)

IF(VEL(1))55,65,55

S EALGO) FAL60Y,
15(6'&),?(6{:)1 ELULG),LK{50) yMEL60)
fﬁGWFQN bﬁﬁ”&(60760)pb(ﬁﬂgéo)yﬁ(ﬁﬂlyﬁ
REAL NUM

CREAD(5,10) N

IF(N) 82,83,82

2

o




i
. BURT=0
FRED=0

1500
1200,

65

BEO -

700

o 1100 J=1,N |
Gt =T, JI=DELTACL, J)/v=al

1100
1000

NUM:=Q
BEN=D R

DO 700 1=1,N

DO 800 J=l,8 o : :
NUM=NUM+GAMMA {1, J) % {DELTA(L,J)=F(1)— riJ)}*#Z
- DEN=DEN+GAMMAL Ly J)#{DELTALL, J)=F LIV =Fi{J )
l(?(iyd)*t(i)"F{J))

CONTINUE

CONTINUE

VENUMZDEN

BO 9C0 J=1,

e ,;~,;;A(J)~EtJ>~F13)/v
200 \
SN UME0

CONTINUE

DEN=0
DO 1000 I=1,N

NUM=NUM+(C (1, J)%ﬁZ)%u%MVGiI J) o

DEN=DEN+GAMMALT, J)

CONTINUE
QCNTINUE
DEN=DEN~-

- IF(DEN. LE 0.5 GO TO 445
SIGMAV=SQRT(NUM/DEN)

© WRITEL63;40) e
WRITE(6,51) v,siswav

“CALL ERRORS

D fear

WRITE(6, 54;‘v

G0 TO 2000

“fWRITE(é bg}i : "f1 ‘,”j;;,ﬁfﬂff $'j§;§t}‘7V%:}"

D0 1200 1i=1, iG

'*kWRITE(6,7Q) VFLiII)

DO 1300 Jd=1,N

AL =R SF(JIIZVELLLLY

Oy =T, J)*BLLTX(I JH/VEL LIS

CONT INUE

D0 14C0 I=1,N"
DO 1500 J= 14N

FRED= FRLB*(C(I,J)*%a)ﬁumMNAii Do

- BURT=BURT+GAMMA(I,4)

o FITHMOD= BQRT(P&EL/bUnT)

10

=

CFORMAT(//F10.5)

CﬁNTIbUL
CONTINUE.
BURT=BURT~-

WRITE(6,3) FITMOD

CALL tQRﬁRS
fﬂ?f!NUE

GRWAT(Ié)
fSRMATIEIf)QQﬂgFJaa.Q‘*}X FC}'E)

ALTY=AL)Y

i
'.h6




30 FORMAT(10F8.2) ‘ :”“*’"‘"~"""~y,~,, gy

T

40 FORMAT(2X $CALCULATED VtLﬁpiTY'bi, J¥u<*g 0
. LVELOCITY') ~ ~
51 SRMAT(iOx,P&,‘,EJX,¥b,¢)
B4 FORMATULIO0X,F642) : i
60 FORMAT(22H CONSTRAINE L veLocrryy
70 FORMATIF10.2) R TR L e e
81 FORMAT(6F10.2)
20060 CONTINUE :
. GD TO 84
83 CONTINUE
END




SUBROUT INE ERRORS o
SUBROUTINE OF TIME TERM ANALYSIS PROGRAMME

CAL ULATES STANDARD “uViATiﬁﬁs mdd S?ANUAAH

U
ERRORS "OF THE TIME TERMS ; ;
,\,UW?‘G;J U‘}\M%A{&Gp‘)d) CIQJ:DO),&{G{;)QV .
CREAL NUM- Al
WRITE{6,80)
00 3000 K=1,N

 NUM=0
S DEN=0 :
DO 4000 I=1,N o

o NUMSNUMH(C UL, K *%2) » GAMMA (L, K+ (C (K, [ 1w
L*GAMMA(K, 1}
. DEN=DEN+GANMMA{I,K)+GAMMA{K, 1)
4000 CONTINUE
'ZPHZZN Df:N 1 -
IF(DEN.LE.0.5) GO To 3099
o SIGMA=SURTUINUM/DENY
SIGMAS= SiGMa/SQRT(u&h%l3 , o
CWRITE(6,90) KyAUK),;SIGMA, STGHAS
G0 TO 3000
808@ WRITE(6,95) K:ﬁ(ﬁ)
3000 CONTINUE o
B0 FORMATI2X 'SHOT/STAT NO'SX, Y TIME TERD
i‘STb OEV’ZK,‘STQ ERR')
90 FORMATI(I9,9X3Fb6e2,4X; F&»J,Fiﬁ b)
9) FGRMAT({ 3X F6.2)
o END L

Y &1




Ae29

PENDIX T

AP
Velocity filtering programme and results.

The listing of the programme given below is self=-
explanatory as far as the data and the main programume steps
are concernad, However, the following points should be noted.

1) The programme has been written specifically

for the Land's End array. Certain statements should be changed
for any other array configuration. These statements are

indicated in the listing.

2) It has been written assuming a fixed sampling
interval of C.01l =zecond,

%) It works within a field of 11 seconds of recorded
data but the first halfwsecond and last second are lost in the
process of obtaining the smoothed output. In addition, the
second half-second is also lost when the smoothed output is
vlotted in graph form.

4j It assumes plane wave Tronts.

5) The azimuth and distance of the event from the
station are calculated using formula 5 given by Bullen (1963),

6) The output of the programme consists of line-
printer output and punched cards, The first 10 samples of
each seismic channel, the azimuth and distance of the event

from the station and the delay distonces are printed on the




?:\
fet
O

line-printer. The delay times and smoothed output for each
velocity value used in the velocity filtering process are also
printed on the line-printer. The smoothed ocutput for alternate
velocity values and the 900 samples of a single seismic channel
(channel &) covering the 9 seconds of smoothed output are
punched on cards. These cards are then used by the programme
listed in Appendix & to plot records of the type given as a

pull=out supplement in the back of this thesis,

The programme was tested with a plane sine wave
which was presumed to have originated somewhere along line 2,
travelling with a velocity of 5km/sec across the array, The
maxinum amplitude of the smoothed ocutput and cross-correlation
output for each O.lkm/sec increment of velocity from 4,Ckm/sec
to 6.0km/sec are plotted in fig. 41, Both functions peak
sharply at a velocity of 5.05km/sec. Thus for a discrete
phase travelling across the array the programme mey be assumed
to give velocities which are reliable within : O.1lkm/sec,
The smoothed output is used to obtain estimates éf phase
velocity because it gives the same result as the cross-correlation
output but with the amount of output reduced by a factor of 20,
The results obtained from this programme are presented
after the programme listing below, it should be noted that not
all the shots have been velocity filtered and usually only the

first 11 seconds covering the onsets of the P-wave phases have
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been processed. For a limited number of shots, however, the
11l second record including the onsets of the S phases have
also been processed.

The array unit rectilinear coordinates as used for

the velocity filtering process are as follows,

selsmic
channel X (metres) Y (metres)
1 73.21 73.21
2 669,40 =428 ,86
3 115,06 376,56
A 721,60 1098.3
5 -149,78 449,78
6 ~368,18 805,42
7 -775, 04 : =606,68
8 ~1014,62 -868,18
9 ~=177:82 303,34
10 =282 .42 156.90

It should be noted that chznnels 4 and 6 were

permanently interchanged in the recording sequence after the
firing of shot 19, Therefore, for shots 1 to 20, execluding
shot 19, the recording sequence is : seismic channels 1, 2,

-

51 b' 57 11!‘1 7, 8, 9 and 10.

4.31
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Lellasialle Tole Mol n i N ek e Hol s SN IS

CAFTER FIRST COMPUTING THE R
FILTERS OVER RECORDS OF 11 saf'”'
S SUMMING TWO SETS OF. stzfv”

L SQUARE WIN

!LLO&ITY ?iLT &Eeu Pui%

AN EVENT FROM THE STATION THL Zﬁﬁpt VTLGLITY
é‘;GTH, 1T
KM/SEC
%ULTI?LYIN@

DOES THIS AT VELOCITY INTERVALS
,WUTPMT OVER A

THE SUMS TOGETHE

F bfn? THE

£ OR i“ﬁjTIFYI%S_f* |
ORMAT AS IN STATEMENT -

2+ W THE EASTWARD DEVIATION OF THE Y AXIS
; IN MINUTES. ; . o
DEG: %prLSLwriwg THE LATITUDE BF THE-
MIN  REFERENCE POINT OF THE A Q&Y IN
S - DEGREES AND MINUTES = : G
FORMAT AS 1IN STATEMENT LAﬁLLLfﬁ 1 GF THE
' Fbu:x@UIiNL VADFLAY Y B

1TUDE OF THE

3. DEG . REPRESENTING THE LONG
11 ' AY_ia“

MIN REFERENCE
. UEGREES AND MINUTES
_ FORMAT AS IN STATEMENT L:

CSUBROUTTNE YADELAY'

MLLE“ 2 UF THE

“Aa XD THE X CODRDINATE OF THE AZRAC
- REFERENCE POINT.
YO THE Y CUCRDINATE OF THE

REFERENCE POINT. .
 FORMAT "AS IN STATEMENT LABELLED 3
su%%mUlet TADELAY'

5. N THE NUMBER OF UNITS 1 y
7 FORMAT AS IN STATCMENT LABELLE:
 SUBROUTINE *ADELAY!

oF THE

 646#N.  AX(I),AY(I),I=1,N THE X A}
e e COURDINATES. ﬂF;EAC
,FazwAT AS 17
SUBROUTINE "ADELAY'

- 6*N¥l. DEG.

6+;\1+20 La‘tb i
CMING

F THE




(SR aRaNe (alaiele TR HaRa it o it e Telte folis

1006 CONTINUE s
400 F(RMAT(&UGHZ,ZOOﬂx,ZOOAL,ZFUAE,ﬁ'

ey

o3

f QOM&DN{@EL{E@J,MyYDIZO!yIYYLQQT{ﬁg
CLIINTEG(300)

401 FORMAT(10110)

"f&eauxj,4> AGLD) 121,

CFORMAT AS TN STATEMEN
SUBROUTINE 'ADELAY!

OHNES NVHIN THE ﬁixi ur VELOCITY#1(
S e :
NVMAX  THE %iﬁi%hﬂ dtLGLITY*ld TF BE
ol USED. = '
NDATFDO  WHERE
g ‘~QLL,bHA?
=5 IF SAMPL
FORMAT AS IN. ST/

C64N#4L GI),T=1,N  THE GAIN FAC
 POLARITY OF EACH
FURMAT AS IN STATEMENT LABELLED 4

NOTE 'Pacgaéﬁmg,zs WRITTEN FOR A %{x D SA%PLIéG

CINTERVAL PER CHANNEL OF .01 SECOND.
NORTH AND EAST ARE TAKEN 10 b£ PQSITIVE

XRR (30007,

COMMDN SEISMO{120D,10)
INTEGER#2 SEISMD
DIMENSION TDEL(20),Y0(20) 560207, SUMBBI3000),

_LSUMRR(3000)

£R SU&QB,SUMQ& G

 wagu&“ BEXRR

30 1000 KK-= 1,1001,100
N1=KK+99 | G
")\EA (1)‘1‘;10)((51.15*&3(; J) J 111’«));

WRITE(6,401 ) (SEISMOLTI,3)5d=1,10

 READ(5,1)
OWRITE(6:1)

CWRITE(6,3)

\D5,2) NVMIN, NVMAX, NDATED

ug,;a @V_JVﬁ:ﬂ'?vkagr o

",w&lrhia,é) RY

CINCLUDING
ARRAY UNIT.

A.53




20 LOOP COMPUTES FIRST DATA iQQQTIB\S 1ﬂ bi USE& 3“
IN VELOCITY FILTERING CALCULATION ‘ :

vy

DO 20 I=1,H
TDEL({II=DEL(I)/V .
CIFINDATFO.EQ.1) GO To 100
 YOULD)=51-(I-1}/N
EEL s sg 0 2@0 | o
100 oll)=
~2®G7bDM?IWUt
YD(I)= Yu<1)+TugL(1)

S YBULI=YDLI)-1

20 CONTINUE o

COWRITEL6,59){YDIT) y I=1,N}

59 FORMAT(10F10.2)

©30 LODP CYCLES THROUGH K SETS OF DATA SUMMING
AND MULTIPLYING WITHIN EACH SET

la i allaliate

09 3@ K~lyi§13

40 LOOP CYCLES THROUGH EACH CHAN L _COMPUTING
~ DATA VALUES TO BE USED IN 30 LOOP

ey e

,@ t5:Dﬁ(QQ‘1£1?“  ’
‘éO.Y@Ii):v$1§3+1

S

caLL ergap -

DO 41 I=1,N
AL IYYLD =IYYLI)»G(T)

-~ SUMMATION. THESE CARDS J6 . IGED TO SBIT

_PARTICULAR ARRAY CONFIG GRHTIFNS.T>wN

Gy erey

SLMDB{K)*XYY(9)+1YY(7)+IYY(83+1YY{1$): -
©OSUMRRUK)=IYY(2)+ 1YY (5)+IYY (41 +1¥¥(9)
ﬁgx%ﬁ(ﬁ)“SUWhﬁ(ﬁ)*SﬂMRR( }

U_BQ’asmarwuz
aALL 1 ITEG

‘WRITt(b?5)(IiHTf@{I)7[ Ly 7)
CWRITELG, TYLLINTEGIT), I= 0,167)
- IFLAMOD(V 12} +6T.0.2) G0 TO 5) o
o WRITELTZ, TYCLINTEG(LY, I= %,187)
_ Sb,”GNTIVUL
- 10 CONTINUE L ST
; WKITV(Y Y)KSEIS”B(I 8),1 ibi

o

f 1 FC&VAT(72r -
B : Yo
) 4 ?LRMAT(&Z%)




~N oW

500

FORMAT(///% VELOCITY!)
FORMAT(1013) ~

FORMAT(//7/7717)

FORMATIFL0.2)

FORMAT(1017)

GO TO 300

CALL EXIT
END

535




SISl g Hatie Iatla!
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ey e

-
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ey ey

'“&Eanﬁch'P@in OF A SEISMIC ARRAY,
 LOCAL RECTILINEAR GRID AND FLI

‘ASBGMINU A PLANE WAVE.

"'f;aEAQ!NuﬁaéﬁgﬁsﬁgéﬁgyfuﬂzTSTT'“

SUBROUTINE ADELAY

 SUBROUTINE OF VELGCITY FILTERING PROGRAMME

COMPUTES RANGE AND AZIMUTH OF EVENT F M
OF WHICH ARE REPRESENTED AS ¢

OF EACH UNIT RELATIVE TO THL mL?L Cﬂf”

ﬁ(Bﬂbb?ng

COMMON Q‘L(’Q),a,YP(Zu),IYYivo)J,3
ALINTEG(300) B S
COMMON SEISMO{1200,10)
CINTEGER BBXRR .
INTEGER®2 SEISMO
DIMENSION AX{20),AY(20)
REAL LAT,LQVG K,M,ﬁIN
INTEGER DEG

 READ EASTWARD DEVIATION OF Y=AXIS IN MINUTES
,awa LATITUDE FF REFERENCE RGIMT.‘

READ i5 1} W,DEG,MIN

PI=4%ATAN{1.0)
RTOD=18G/P1 Lo
LAT=(DEG+MIN/60)/RTOD
LAT=ATAN(.99327TT*TANILAT))

-~ READ LONGITUDE OF r{tFH\Eé’;i:PLIe DF ARRAY
CREAD(S5,2) DEG,MIN

 LONG={DEG+MIN/60) /RTOD
A= LGb(LAT)%CPSiLHNb)
© B=COS(LAT)I=SINILONG)
~ C=SIN(LAT)
DESINLLONG) |
k—-CGb(LLNb)
G=SINILAT)I*COS(LONG)
 H=SIN(LAT)*SIN(LONG)
”%rfﬁﬁﬂ{LﬂT) = S

_ READ X AND Y COORDINATES OF REFE

READI(5,3) XU, Y0

READ(5,4) N

 READ X,Y COORDINATES OF ARRAY. UNITS:

O READ(5, 3) (AKX o AY (D), T=1,N)

- 8e36




PEAQ LA?I?U&L ?f tVLW?

oo

’RLAJ{bQP) b?byMiﬁ
LAT=(DEG+MIN/60)/RTOD
LAT=ATAN(.99327 75 TAN(LAT))

e T o
C REA% LG%GITUQ& OF BEVENT
PR RN . g
fU‘AJ(),Z) fJLSy?")ii\E N
LONG=(DEG+MIN/G6O) /RTOD
A§=CGSiLAT)ﬁCQS{LBN5) )
D D=COS({LAT)I®=SINLLONG)
; CU SIN{LAT)
o CANGLE=A#AD+B=BD+C0D
ANGLE=ARCOS{CANGLE)
S REANGLE®*63T 1. 2%
SANGLE= SINUANGLE])
. ANGLE=ANGLE®RTDD B ;
SZ {(Ai*03*52+(ﬁb t?ﬁ*Zf%D%%? Z*SmeLE)
o CL=ULAD=G) %224 (B0~ HI## 2% CO-KTre2=2)/ .
i [2#5ANGLE)
= : O Z=ARSIN(SZ)
-
IR UUSZeGELO)  AND . (qL.GL &)}*$E3$21§aj‘
IF{(SZ.6E40) ANDL{CZ.LT.0)) GO TO 50
CIF(ISZ.LT.0).ANDL(CZ.LTL0)) 6O T 50 -
, IF{{SZaLT+0)sANDS(CZG6EL0)) 0
o o SRR 2
490 i=£
60 TO 120
50 A=PI-Z
S B0 T0 1200
60 z=¢%91+z
120 T= E*RTPQ
AT :

WRITE(6,6) - ;
CWRITELG, 71 ANGLESR,T

L&LQULATICM oF &&RAV LFLAY QibTAﬁL&S ﬁ;\’
CAZIMUTH T(2) S

‘ ﬁf#ﬁ%ﬁm}]

, ST M*iﬁPIf& Z+Wi(ﬁ??§ﬁgu) f

,kIF((AﬁS(W).LT.)%—n).Gk {XBS(Pi~
160 1010 =
IF((AQS(V PI/?).LT.atwv} L&.i‘“'

1. LT.)E,))7

o LSE=5).0R.IABSI3%PI/2-M).LT.5E=5))
= M=TAN(M)

; =M1/ M

o sz SINUZ-W/IRTOD#60) )

™




&%

o

o

' ‘190

s

110

70

*ﬁuFL(I)“SELﬁY

A28

0030 I=14N

XﬁzfmﬁxafﬁX{I)/ﬁ4av11)~vaifﬁ“‘”“'*M’
YB=(M*AY (1) +YD/H+AX(1)=X0) /K

“QELavﬁsaaT{(xawxﬁiﬁx +(YO- Yﬁ)%%4§ 

IT(AES{ul—iXQ ~X0)/DELAY).LT. 1~',)_pp j0;?§ '
DEL(I)=DELAY

G0 TO 30

DELAY==DELAY . .
GO TO 110

CCONTINUE i e
%&II&(@,lucﬁ)iutL{I),i 1:%3 e

GO YG lOu

DO 80 1= 1,@

DELAY=SZ% (X0~ AX{I})

CONTINUE

COWRITE(641000MIDELII Y I=1,0) =

60 TO 100

DO 90 I=1,N

C DELAY=CZ#{YD-AY(I))

DEL(I1)=DELAY

'O CONTINUE

1100

GOTO 100

Qéﬂ@~&ﬂ»h;» f

wxeria,iaco)iDéLkl),ixi,xl,'__ _ j;,

FURWAY(F).é;)X iq,;x,%b.ﬁ3

‘FURMAY(I%;DX F6.2)

({fﬁr(?—{‘}cﬁy)\(j%“)aﬁ.z

¥FU?#AT(33)

FORMAT(///' ANGLE RANGE  _’ iMUYH‘)

'FCQM&?(F0,2;%X T 2,4&,%6 et

FORMAT(10F10.2)

RETURN

END
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SUBRODUTINE INTERP

SUBROUTINE OF VELOCITY ?Ingazmu PR

 INTERPULATES BETWEEN TWO VALUES BY THE METHOD
th FORWARD SIFFFQFﬁQEE.

COMMON ﬂgL(“G)yﬁgfi 20),1YY{20),BBXRR(3000),
LLINTEG(300) ~ AL T
COMMON SEISMO(1200,10)
INTEGER#®2 SEISMD amnes e
INTEGER DY&,@Y%,GYZ,u?YU,QEYl Y0
INTEGER BBXRR o

DO 10 I=1,N
1T=T(1) o
CXXD=T(I)=(IT=1)

© CALCULATES 1ST,2ND AND 3RO FORW FFERENCES
- BYO=SEISMUCIT, 1)-SEISMOUIT=1,1)
DY1=SEISMO{IT+1,1)~SEISMO(IT, 1) o
DY2=SEISMOUITH2, 1) =SEISMO(IT+1, 00—
‘DZYO‘UYl LYo
D2Y1=0Y2-DY1l.
D3Y0=D2Y1-D2YQ

,1Yv(1:=5Fxswa(ir lyi)+XﬁU*bV0+(XXP%(XXGji3  1H,;,,
1*D2Y0) 72+ (XXU* (XXO=1) % (XX0-2 ) #D3YT 2R

RETURN
END
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30 CONTINUE

- “THE CHANNEL SAMPLING RATE PER SEC

10 V’G*STY 0

 SUBRDUTINE INTEG | e e e
SUEROUTINE GF_VELQCITY,EILIERK'S‘?" HAMMES
SMOOTHS M+1 VALUES OF BBXARR WHERE =F1FTH OF

BY THE =

TRAPEZOIDAL METHOD

- COMMON DEL(20),N,¥YD(20), I¥YY{20),88XRR{3000),

1TINTEG(300) ; ;
CUMMON SEISMO(1200,10)
INTEGER#2 SEISMO
CINTEGER BBXRR -

[EE (I

r\lf\z}“’

& 5
,L
M=20

DO 20 K=sLsW

20 MOSTY= MOSTY+BBXRR (K)

S MOSTY=2%MDSTY

CTINTEG(I)=(BBXRR{L=11+BBXRR{M+1) +MOSTY) /2000

L=L+5
M=M+5 ; ;
By R S
IF{M. GE i Gl) bu Tu 50
G TO 10

~ RETURN
END




Results from the velocity filtering programme.

Phase Velocit Approximate Onset time
v ¥

Shot no, Phase km/sec hrs mins secs
1 L (1) 7.9 06 o1 41,3
1 P (2) 7.9 n i Lz2,0
i B 5.6 p H 46,5
1 2 5.6 " " 47,7
2 P (1) 7.9 07 16 31.2
2 P (2) 7.8 n i 3L.b
2 ?g 5f8 1 1" 35.9
2 ? 6,0 " " 373
2 2 6ok " " 38.8
b po (1) 8.0 (3.5) 08 38 12,6
4 P (2) 8.0 " i 12.9
L 2 5.2 i " 16,2
L ?g 5,7 t i 16.6
4 ? 5.9 H n 17.6
4 ? 6,2 " H 19.6
8 P 77 11 27 09.6
8 P or PMP 5.6 " i 10,2
8 ? 6,8 n i 114
8 ? 5.7 " " 13,1
9 Pg 5.3 12 02 11.9
9 PMP 6,1 12 02 12.1
9 ? D53 " b 17.0
9 5, 3ok & 234
9 s%s bo1 " " 254

11 Pg 5.6 13 13 02.9
11 ? 6.0 i H 03,6
11 PMP 7.1 i i ok.9
11 Sg 3.4 " " 15.8
11 M8 bL,3 " i 175




AJk2

Phase Velocity  Approximate Onset time

Shot No, Phase km/sec hrs mins secs
12 Pg 5.6 13 Lg 42,8
12 ER 5.9 i " hh,6
12 PMP 3.h " H 46,2
12 5@ 3ol " " 53,
12 ? 3.7 " " 55k
13 Y Sob 14 57 h7.2
13 Pg (2) 5.4 i " h7.5
14 Pg (1) 5.0k 15 15 04,9
1k ‘Pg (2) 5.3 " u 05,2
15 Pg (1) 5.1 15 3L 04,2
15 Pg (2) 5.3 " " oh.5
15 s_ (1) 3.1 15 3h 10.1
15 s; (2) 3,0 L " 10.8
16 Pg (1) 5.4 16 06 28.9
16 Pg (2) 5.6 i " 29.8
18 P (1) 5.2 16 53 55.7
18 Pg (2) 5.0 " " 56.1
18 5 3.1 " " 57.5
21 Pi (1) 5.0 10 59 20.1
21 Pi (2) 5.1 & n 20 b
21 s% 2.9 i f | 20,7
21 Surfice Waves 2.5 " H 21.7
30 P 5.3 09 4o ol 1t
30 2 5.9 " " Ok, 8
30 85 (1) 4,0 " " 08.9
30 5 (2) 4,0 n n 09.4
35 PZ (1) 6.4 15 30 56,7
35 Pg (2) 6.k i u 57.2
35 PMP 8.1 u " 59.4
36 Pg 5.3 16 09 02.3
36 ? 6.8 " H 02.5



e
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Phase Velocity  Approximate onset time

Shot no, Phase kn/sec hrs mins secs
36 PMP 7.9 16 (639 ol 2
38 Pg 6.5 16 48 18.0
38 PUP 7ol " M 18 .4
4o P (L) 77 18 48 21.1

4o P, (2) ¢ 8.3 i " 21,3
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AT

TH

COOOOOOO00O0OONAaGO0000

v

'}Yﬁx«—l T6
ITIME=1}
Pl=3.141589"

e

*ﬁ-ﬂ**

o ‘mﬁmf ,

 CALL ECHAR(-D0.35,;YAX,0415,0+2

?HEJ P%JUAAW“:

gUTPUT f@m £y
ST

foNPUTLRs,

i le o CARD BEARING TITLE TO uz

_PR PILES; 10 VALU&S P

”’?u&Ta VALUES, 10 To

*-ulmawaluw

DBl i=l, 10 0

APPENDIX &

CPLOT OF VE LocITY FILTER
TAKES THE
LocITY ?iL{.%iNG}PRQGR'
CH INCREMENT
NGLE CHANNEL SEISMIC DAT/ TH
D OF Tht PLOTTING aké&DuT{mL *

“,Taﬁéﬁsﬁ*“ :
D DUTPUT FRO

f‘f
qh

A ) ED
;PLbTTsm %iTH HE:

E DATA MAQQC‘&EWbimLP Aut

ON THE GRAPH

 FDRMAT as IM 5TATS : 52
2. ONBPRO ROOF : = PLOTTED
PRINT inFszL BETWEEN ? riL;S IN Ivfﬂrs
VEINT  VELOCITY INTERVAL / o
YEMAX  MAXIMUM VELOCITY VALUE ,
NGBS NUMBER UF VALUES T8 BE PLOTTED FOR EACH
 PROFILE o
TYSCAL . SCALE FACTOR FDR
FORMAT AS IN STATEMENT
NEXT SET OF CARDS BEARS T

: T AS TN STATEH
90 bH%U3‘ﬁ£A% THF

T AS IN 5¥ATL;“w"
1A%PL{ZUO) AMPLi”ﬁdi
»ﬁ\Ll:CAL (isg}.a){.}-gg 3

Lo 8? hRITFS TiMLb ? ﬂy i@‘fﬁﬁiﬁ

YAXSYAX+]1.

ITIME=TITIME-]

WRITE(754) ITIME

4
i

C%%*&*

SCKAX

CWRITELTySY : o
kFuRMAT{‘TImE (s&ts)')
CREADAZ2,52)
;FGRMAT(ﬂ3H
COWRITE(5,52)

I

51

CCALL EGRID(390ssB8ay1ar9)

FORMAT(12)

‘\,LJWSTINUi

15 TS DRAWN AND LABELLED -

CALL ECHAR(=047,4.8,0.1 u,ﬁ.i;~?1/“

&LA (Z,J1)»uPRO4?\1N1,V%1AT!V M, BS,YSCAL
FORMAT(12,3F4.1,13,EL0.2) = =

Aoble

HOINTERVALS © 2o o0




o CEmErs

c quni‘;g AND DATA PRINTED ON LINEPRINTER
‘ RITE(5453) ' ‘ e ;
53 thﬁxr(%A PHOPRUYS A, *PR in’)&;’V‘{41’3X,‘VEMéﬁ’SKy_
LANOBS 4K, *YSCALY ) : -

- ) L‘;{ITE(L)" )‘Tj“gﬂ')f‘}\z\,?yﬁ\i T 35”:13‘33 )th”i»l/‘\g } ?53 Ybuﬁ\L
54 FORMAT{// 16, 3F1ﬂ»xy}l(}’£"ij i e ~
CRAW Y-AXKIS, WRITE VELS AT CHUSEN :’(*T“_*' I%TE»‘{VXLS
CAND LABEL AX1S5. | _ — -

4 Lo
g HED

ey

CALL EGRIDIOy0.» By PRINT,,NOPRO)
A=NOPRO+1

XAX=A%PRINT o o
VEMAX=VEMAX+VEINT

DO 6 1=1,NUPRD

CXAX=XAX-PRINT e e

CALL ECH#\R(A}‘&)C} 7,&3.1,),@* ?1"‘%‘3}./1{.}

VEMAX=VEMAX— VEINT : S
WRITE(7,8)VEMAX

8 FORMAT{F4.1)

) {”G”*é'?l*\éi}{:

‘7f§§*%%*;

¥bNIT A*PKI T/Z 1

QALL ECHAR(YUNET y84.75,0415,0.2,0)
OWRITE(T7,11) -
11 FORMAT('VELCCITY KM/SY)

CDOUBLE LDDP READS AMPLITUDES,1AMPL, |
__PEN RETURNS TO NEW ORIGIN AND PLOTS |

cooo

“LALL EPLWT(i,G.,E.)
OR1G - :
,pﬁaio~PL&1u+>9 I/YSyﬁL

,’ﬁ%*§ﬁ%

gy 12 J 1,%@?18
'iALL Suﬁt%{YSwﬁL,l.;~?Gdib,d A
CALL EPLOT(140450.)
CALL POINT{1}
TINT=0.05
3 B33 - o ) )
L READIZ2 LAY EIAMPLLY s I=1,NOBSY
14 FORMAT(1017)
DO 13 1=1,N0BS
AMPL(I)=TAMPL{I)
TINT=TINT=0.05 g
N CALL L?LQT(? AMPL(I);?I ?3 L
13 CONTIN mii »
C o mwess
L CALL EPLOTCL: 045020
12 uGNﬁIdUt ,

Sley

/rax LAND' S END D&T& 1} VSCALf
 CORRECTs IF YSEAL=0.50E-03 THEN N - SHAUL
CALL SCALE{YSC AL*lO»,;»,—Z.»Pb‘quiwﬂ 0.)
CCALL SCALE(YSCAL,1.,~2#PORIG0.)
CALL EPLOT(130450.)

CLey oy




= CAHE
TINT=0.01
D016 Jd=149 L
READI{2, 14)(1A*?L(¥3,I$1;i09)
?Qﬂ‘iﬁﬁi 1,100 ' S
C TINT=TINT-CG.01
L AMPLIT)=TAMPLLIY e
_CaLL cPLiT(ZyXMJL(i},TINTE o
15 CONTINUE Gmitiaiar
16 CONTINUE N
‘ S CALL EPLOTU1,0.50.0
Crmwss , . o
S CALL SCALE(lesley0asDa)
 B=EPRINT+1 S e
CCALL ECHARTB 03 04230425,=PI/2)
WRITE(7,52) '
CCALL EBXIT
END
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APPENDIX H

The theory behind the use of the critical distance (Cl) and
the grazing incidence distance (02) in the evaluation of the

depth at which a linear inecreazsse of velocity with depth begins,

T . SURFALE
T P A
%} \%/K Z\
y J
T H
+KZ
%} £ j?z
’ . V s0od0 W
v, J & = cnkicol angle.

Diagram 1, The crustal model and criticazl distance ray path,

Consider a model of the crust, total thickness H,
consisting of an upper homogeneous layer with velocity VO
and thickness Zl and a lower layer, thickness Zz, exhibiting
o linear increase of veloclty with depth given by the relationship

Vb + K%, overlying a half-space with velocity Vé') VO + KZz.




Ao

Assuming this model and the critical ray path of a P-wave
travelling through this structure then, from a consideration
of diagram 1, the critical distance (cl) can be obtained in
terms of the constant of velocity (¥) and the thickness of
the upper layer (Zl) thus :-

Q:Qu(&{rbﬁm

C| | V0 (vo* KZZ)

e = T ko }5 ¥ — " . °

2 ‘ K ton ¢ K tan ¢
Substituting for tan ¢ and tan & we have

P \ ; )
C_ V% [IR-W [kel-(em)
2 [K2RI-v2 K K

We have from Snell's law,

. VO + V\ZZ
Sng = °
V’L
Therefore
V,+KZ, vV +KZ,
2 - ] “~
QsK V&
Thereiore
R _ Vs
| = —
K

Therefore C 7,2 2 2 0 .2
Sl e VYTV, VMoK (g
v . : - 3




>
2
. —
j&/ T 5 SURFALE A
— ;
R, Vv O/K f-E
v « ‘
0 ¥ 2 ¥
)
R, H
V +KZ e Zl
0 L
Vo mone W
Vz
Diagram 2. The crustal model and grazing incidence ray path,

Assuming the same model of the crust but the grazing
incidence ray path of a P-wave travelling through the structure
then, from a consideration of diagram 2, the grazing inciderce

distance (Cp) can be obtained in terms of X and Zl thus =
CE = 2 (aa ~+ bz)'
where a2 = Zl tan o

and b2 = VO

K tan «

Therefore, substituting for tan d,
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Ty 2 g\
) , 2 7._‘ 2

C2 B Zs\/@ ¥ Vn K Ql \/o
¢ - 2 ~2 .Z,‘ o
2 /M RV, AR

R = V0+t\zi

2 S

Therefore
& 2 l ‘
CNERED
t
“ s ; 2
Ci - LN, ‘, 4 K )
- 2 )
2 (v, +wz,) K2 -\ K
NS
2 g2
c, Z N, Vrezy -\
— = F =~ = + 3 (Q)
2 ,[(va-% KZ) ~ i
where ZZ = H = Zl.

We thus have two non-linear simultaneous egquations,

(1) and (2), with the two unknowns, K and Zy e
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