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SUMMARY

This work has been carried out to extend on the interpretation of
fhe Uppef Crustal structure under the Eskdalemuir Seismic Array

and the surrounding area. A study of the dispersion of short
period (about 1 sec.) surface waves from local evenis at differenf
distances and azimuths was considered, but the lack of events
showing such waves turned attention to the study of first P-arrivals

from the same sort of events.

The thesis is in six cﬁapters. Chapter I was given with an
Introduction. In Chapter II, the general aspects of the geology
of the-area were discussed very briefly. Previous seismic work
around EKA was summarised with special reference to LOWNET and

LISPB models.

Seismic array technique, its advantages and methods of array data
processing were discussed in Chapter III which also included a

brief description of EKA and LOWNET and a detailed description of
Broughton Array which was set up temporarily during the course of
this work. Chapter IV gives détailed information about the data

sources, origin time recording and play~back facilities,

Preliminary results of the analysis of some EXA local events
showed some systematic velocity and azimuth variations and this
revealed the need for detailed information about the shallow
structure under the array itself. Six shots were fired in the

vicinity of EXA. Chapter V has been devoted for the presentation

.
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of the results of these shots, their discussion and interpretation.

These demonstrated an anisotropy effect in the area of the array.

Chapter VI presents the results of all local evenis, received at

the three arrays, their discussion, comparison and interpretation.

A velocity structure around EKA is proposed which involves (1) a
rapid increase of velocity (0.8 km/sec./km) to about 1.6 km depth
followed by a slow rate (& 0.003 km/sec./km) to an undefined depth
(2) a variation in the initial (zero depth) velocity with azimuth
ranging from 5.0 to 4.4 km/sec. parallel and normal to the Lower
Palaeozoic strike respectively. The Broughton data were consistent
with this model if the Lower Palaeozoic structure under the Midland
Valley is essentially flat-lying. The exteﬁt to which these

conclusions are consistent with previous work is discussed.

Some of the methods of analysis are described in the Appendices
(1 - 7), which also include two computer programs with their
output results which form the basis for the interpretation and the

above conclusions.
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Burton & Blamey (1972)(80).

(2) a computer program which cross—correlates the outputs of
different channels with the output of a reference channel,
chosen to show a clear Rayleigh arrival and judged to be of
high S/N ratio, and thus allowing for more accurate move-out
determination and therefore a more reliable calculation of
group velocity and angle of apﬁroach at the array (a copy of
this program will be lodged in the Geophysics data room,

Geology Department). - ' e r

. \‘..'

It should be mentioned that the picking of Rayleigh arrival for one
of these events was cdmplicated by a possible second.S—arriVal or
an entirely different instantaneous arrival. The location and origin

time of another event were doubtful and therefore they were rejected.

Results of the analysis of the other three (although not included in

this thesis) showed that:

(1) group velocity-frequency function of the Rayleigh waves of
these events strengthen the belief of them being dispersed,
see Appendix (7) for an exahple.

(2) angles of approach at the array were shifted from the direct
ray path up to 150 for one case.

(3) Further analysis on the first P-arrivals of thesé and other
events, see Chapter VI, demonstrated the existence of‘the

shift phenomenon.

Search for more local events continued, but unfortunately, no more

surface waves were found, and thereafier, analysis was restricted to
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first P-arrivals. Results from about 70 events (mainly quarry blasts
and natural events) received from 25 different sources at distances

ranging between 20 km - 165 km and propagation vector, see Fig. (4-2),

' ranging between 90o - 2100, showed that:

(1) azimuth anomaly is, to a 1arge_extent; systematic.

(2) | apparent velocity éeems to vary with both distance and azimuth..

(3) if was also found that the locationsof some of these events
‘were doubtful (seen through the very high azimuth anomalies, as
high as 30o in some cases) and therefore many events were

rejected, see Chapter IV.

Azimuth anomalies and apparent velocity variations can be atiributed
to different causes, mainly anisotropy and lateral inhomogeneity
effects. A complex velocity structure of some sort at any depth

under EKA could be a reason.

A study of the shallow velocity structure under EKA seemed necessary

to find out what effect thié structure has on these observed

azimuth and velocity variations. Six shots were fired in the vicinity
of the array. Résults from these shofs demonstrated horizontal and

vertical velocity variations, see Chapter V.

"Most of the analysed local events originated in the Midland Valley

which is separated from Southern Uplands by the major Southern

Uplands Fault and where a 6.4 km/seo. refractor is known to exist

at a depth of 7 - 8 km, see Bamford et al (1977)(21) and

Crampin et al (1970)(36). The existence of such a refractor, at a

 greater depth (12 km or more) beneath the Southern Uplands, see
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Jacob (1969)(31) remains questionable. A seismic-array close to the

Southern Uplands Fault and to the south side of it could be useful

in:

(1)

(2)

(3)

studying arri&als from the different sources received at a
different location in the Suthern Uplands, particularly those
few Sbuthefn Uplands sources to help to define any regional
anisotropy effects and/qr any latéfal inhomogeneity in the
whole of the Southern Uplands.

Receiving close to the fault from sources in the Midland Valley
will help to study the same effects in thai region. Soufces
close to the fault (at distances less than 50 km) will help to
reveal more information about the shallow structure, i.e. at
depths less than 7 — 8 km.

Accurate travel times will be useful in defining and checking

on any proposed structural model.

Broughton Array was set up near the town of Biggar and operated for

a period of 65 days using the Geostore recording system, see

Section (3.4). During that period and through direct contact with

the Quarry managers in the area, many recorded events on Broughton,

EKA and LOWNET were identified and some of these were timed at the

quarries, see Chapter IV. The analysis and interpretation of all

local events are presented in Chapter VI.




CHAPTER II

REGIONAL GEOLOGY AND GEOPHYSICAL INTERPRETATIONS WITH SPECIAL
REFERRICE TO SEISMIC STUDIES (EKA, LOWNET, LISPB)

2.1 Introduction

This thesis is concerned with tfansmission of seismic waves through
the rocks of the Midland Valley and Southern Uplands of Scotland.

The former is characterised by Upper and the latter by Lowexr Palaeoioic
outcrop. The line of the Southérn Uplands Fault separates them from
the Rhinns of Galloway in the SW to Dunbar in the NE and represents
the southern boundary of the Midland Valley Rift. The general nature
and arrangement of the principal rock groups are shown in map

Fig. (2~1), section Fig. (2-2) and table (2~1) which includes some
relevant physical properties. For a general description of the
Geology of Southern Uplands and the Midland Valley, and references to
detailed studies, see Greig (1971)(1), Craig (1965)(2) and ﬁacGregor

& MacGregor (1965)(3).

2.2 Aspects of the Geology relatinz to Present Study
(From the top)

Quaternary Deposits: represented by peat and boulder clay and occur

at the seismometer array sites. At EKA, shot holes were augered or
drilled into them without, generally, reaching bedrock, see Chapter V.
Thicker unconsolidated deposits may occur on the seabed under the
marine shots in the Forth and North Channel. In respect of these
shots, therefore, Quaternary deposits will have caused some time delays.
Otherwise, other sources and all detectors are sited below these

deposits and first arrival ray paths are unlikely to pass through them.
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Tertiary Dykes: A group of such dykes pass through Southern Uplands,

close to EXA and could indicate some deep structural line. These
dykes are of the order of 0.01 km wide, detectable magnetically, and
are generally showing negative (reversed) anomalies. Such dykes,
however, are too narrow in relation to seismic wavelengths to have

any significant effect.

Upper Palaeozoic

Most of the quarries are into sills intruding rocks of fhis~age group,
see Section (4.1.3) and Appendix (1). The sedimentary succession

and thicknesses are well known to the 5ase of the Carboniferous
Limestone Series as a result of coal workings. One of the most
regular seismic sources is the N.C.B. opencase at Westficld

(N.G.R. 312/670). At least some of the 'natural' events, see

Section (4.1.5), are ground trgmors brought about by mining operations,

see Mashkour (1976)(4).

The concealed extent and thickneés of underlying Carboniferous lavas
are much less well known. Thickness estimates of 0ld Red Sandstone,
especially the Lower, may be subject to large errors because of
correlation problems in unfossilferous, laterally variable alluvial

fan deposits and interbedded lavas, see Waterston (1965)(5).

Maximum thicknesses are, however, expected to occur close to the

rift boundary faults, (Georgé, 1960)(6). Although the Lower O.R.S.
rests with strong unconformity on the Southern Uplands Lower Palaeozoic
rocks, it appears comparablé on the Downtonian of the Midland Valley

inliers (Lesmahagow).




A granitic pluton of Lower O.R.S. age intrudes these rocks at
Distinkhorn within the Midland Valley. Three similar large plutons
intrude the Lower Palaeozoic rocks of the S.W. Soutﬁexn Uplands.
Gravity anomalies over them indicate depth extents of 8-12 km, see
Bott & Masson=Smith (1960)(7) and El-Batroukh (1975)(8) . Smaller
but related bodies of granodiorite occur sporadically along the
Northern Belt of the Southern Uplands as far as the east coast. It
is geologically and gravitationally possible that these intermediate

composition rocks underlie a wide area.

Lower Palaeozoic

Thé Upper Ordovician to Silurian rocks of the Southern Uplands are
well compacted and jointed rocks, principally greywackes and shales,
Some stratigraphic divisions show large thickness variation across
the strike eg the Upper Ordovician greywackes of the Northern Belt,
2400 m thick, are represented by 21 m black shale near Moffat in the
Central Belt (Walton, 1965)(9). Except in the aureoles of the
granitic plutons these rocks are barely metamorphosed and show well
preserved sedimentary structures. Their tectonic structure is
renowned for its complexity. Folding may be dominantly isoclinal,
(Lapworth, 1882(10); Peach & Horne, 1899(11)) or a combination of

essentially monoclinal folds and revised faﬁ§§s (Craig & Walton,

1959){12)

The foundation on which these sediments were laid may have been an
oceanic crust of Arenig age (Wilson, 1966(13); Dewey, 1969,
1971(14’ 15)) and the Ballantrae ophiolite a remnant of it (Church &

Gayer, 1973)(16). Controversy over ithe concealed extent of such
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rocks and the location of sutures between them and pre-existing
continental blocks or directly between these blocks has recently been

reviewed by Moseley (1977)(17).

Crust of continental thickness (30 km) now exists throughout the
region (Bamford et al, 1976)(18), see also next Section. Within
that crust, however, gravity (McLean & Qureéhi, 1966(1?); Powell,
1971(20) and El-Batroukh, 1975(8)) and Seismic (Bamford et al,
1976(18); Bamford et al, 1977(21)) evidences show a dense, high
velocity basement at shallower depth under the Midland Valley (7-8 km)
than under the Southern Uplands (12 km or more); Whether rocks like
those under the Midland Valley exist under the Southern Uplands

remains in doubt.
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Scale 1: 625000

Fig. (2-1) Geological map of
Southern Central Scotland.
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2.3 Previous Seismis Work at EKA

Eskdalemuir Array was originally designed with distant sources in
mind and has proved to be a powerful instrument in the studies of
Mantle velocity structure. Several workers have pointed out that
the array could also be used effectively for detailed crustal
investigations but so far, it should be mentioned, however, that most
of the seismic siructural work, if not all, which has been carried
out at the station has béen concentrated mainly on deep crustal aﬁd
mantle investigations. There is no detailed seismic study of the
shallow structure undef-Eskdalemuir. Nevertheless, models have

been published by different authors and certain assumptions have been

made for the velocities of the shallow structure.

In their study of two British Earthquakes récorded at Eskdalemuir,
Key et al (1964)(24) have recognised different phases arriving at the

station, Py, P¥ & Pg and Sy S* & S Using velocity filtering

g.
technique they concluded that deduced velocities of different phases
do not agree with the calculated phase velocities. They atiributed

this to tilts in the layers below the array.

Agger & Key (1964)(25) havé analysed EKA records of an earthquake
epicentred in Paisley, near Glasgow., They gave a 5.75 km/sec.
phase velocity across the array for P, & P¥* arrivals and 7.80 km/éeé.
for Pn. Sg & S* have been found to travel across the array with a

phase velocity of 3.5 km/sec. and Sn with a velocity of 3.9 km/sec.

In July 1962, a refraction shooting program using 320 1lb depth charges

was carried out for the calibration of Eskdalemuir Array.




Shots have been fired in the Irish Sea and the North Sea, see

Fig. (2—4&). _Records of these shots from Eskdalemuir and Rookhope,
Durham, have been analysed by Agger & Carpenter (1964—5)(26).
From a plot of the reduced trayel time, and choosing an arbitrary
velocity of 8.0 km/sec., against range, their results seemed to

fall into two distinct groups which they identified as Pg and Ph.

Their deduced velocities at Eskdalemuir were:

P, including second arrivals at ranges 110§ DS 130 km.
Western (10 observations) 7.84 ¥ 0.09 km/sec.

Eastern ( 4 observations) 7.68 ¥ 0.19 km/sec.

K11 (14 observations) T.90 ¥ 0.12 km/sec.

Pg essentially first arrivals for A <130 km and second arrivals

otherwise.
Western ( 8 observations) 6.10 + 0.09 km/sec.
Eastern ( 7 observations) 6.04 ¥ 0.23 km/sec.

All (15 observations) 6.09 ¥ 0.06 km/sec.

combining all the data to get more first arrival Pg' and attempting
a2 least square solution they gave Pg velocities as first arrival

6.47 ¥ 0.59 km/sec., and second arrival 6.29 + 0.10 km/sec.

Using the time-~term approach they found:-—

P, (16 shots): 7.99 ¥ 0.1 km/sec; Py (23 shots) 6.12 ¥ 0,06 km/sec.
They referred also to the existence of another phase with a vélocity
of T«75 km/sec. arriving from some shots between P_ and Pn which they

associated with P* of Key et al (1964)(24).
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Unfortunately, however, the nature of the experiment did not allow
much to be said about the shallow siructiure since the ranges are
relatively large; In their model the authors chose a 4.7 km/sec.
sedimentary layer underlain by a crystalline rock layer of 6.12 km/sec.
velocity. Both layers have uniform velocities énd variable thickness
and underlain by a uniform Upper Kantle of 7.99‘km/sec. (See

Fig., 2-3). Again the authors attributed the differences beiween

the calculgted P, and Pn velocities and the phase velocitiies across

€

the array to irregularities beneath the array itself.
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Key (1967)(27) gave an investigation of signal generated noise
recorded at Eskdalemuir using velocity filtering technique and
considering the‘assumption that P-waves arriving at an irregular
surface of.tppOgraphy at an angle of incidence of a few degrees, can
generate local noise (surface waves) which cannot be distinguished
from the primary signal on one station records. For theoretical

treatment see Hudson (1967)(28).

The author demonstrated the lack of coherency of the P-signal, at
the various seismometefs, a few seconds after the first P-arrival,
by subtracting the waveform of each individual signal froﬁ the
normalized delayed sum=all signal, using records from an underground
explosion (Bilby). This lack of coherency was associated with the
arrival of another phase which was found to be of surface wave
character. A detailed azimuth and velocity search Tor discreet
signals in the 2«5.5 km/sec. velocity range which was carried out on
the coda of the recording of an explosion in E. Kazateh, revealed

a large number of noise sources. Key(27) associated these sourcss
with the relatively steep surface gradients associated with high
ground, the coast line and the sea--bed depression around Iskdalemuire
He gave a more detailed study of sigmals arriving from an eventi in
Kamnchataka, to conclude that noise signals have been originated

from P-waves crossing a deep and narrow valley called Moffat Water
(running in a NE-SW direction, 13 kms from the cross—over point of
the array and with a bearing of 3150) at the point where the valley

cuts through a basalt and dolerite dyke.

Hudson (1957}(28) discussed the mathematical aspects of the




application of the theory of scattering of a plane wave by a surface
obstacle to a three-dimensional surface of any shape. He made a
comparison of the theory with data from four events which allowed
him to get an estimate of the breadth of the scatter. From a study
of a relief éap of the area surrounding the array, he showed that
the Moffat river valley is the steepest piece of terrain for some
miles in either direction, and this corresponds with the fact that
the scattered signal from Moffat Water is the most prdminent on
Eskdalemuir records. Therefore, he concluded that the scatitering

is due to the steep nature of the sides of the valley.

Bott (1968)(29) in a review of geophysical surveys and their
interpretation for the study of the geological structure of the Irish
Sea basin, referred to the model of Agger & Carpenter(zs),
commenting that the variaticns in sediment thickness are in broad
agreement with the gravity interpretation described in his paper.
He reported also thet the most important conclusion from Agger &
Carpenter's work is that the crust appears to be thinner than the

normal continental crusi and also appears to be about 4 km thinner

than beneath the Southern Uplands of Scotland.

Blundell & Parks (1969)(30) gave a comprehensive review of the
seismic explosion studies for the crustal structure around the
British Isles. They summarised the results of all previous work

in Fig. (2~4). With regard to Agger & Carpenter's(26)

work,
they commented that " unfortunately, the experiment was not designed
1o obtain crustal information and the two stations were so situated

in relation to the pattern of shots that the control of the velocity
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Summary of previous seismic studies for the crustal siructure
around the British Isles as given by Blundell & Parks (196¢)(30)
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of Pg and Pn arrivals was poor. The line of charges fired in the
Irish Sea was effectively unreversed and the requirement of

interchange was not achieved. In addition, Agger & Carpenter had
no short rarge observations. In view of all these uncertainties,
the geological significance of the variations of crustal thickness

in their model are very doubtful."

Blundell & Parks' experiment was carried out in 1965 and designed

to permit the use of the time—term approach for the interpretation

of the data. Their main goal was to study the crustal structure

in the Irish Sea area. | Recordings from 25 depth charges were carried
out at thrée temporary stations in Wales and one in Ireland, the
Rookhope Borehole, and the Eskdalemuir Array. Their results show
that P, was observed only at EKA and Rookhope and, as a result, the
control on velocity is poor and the uncertainties in determining the

time~terms are therefore large.

Their model of the crust in the region of the South Irish Sea is

as follows: The upper 4 km contain a variety of rocks including

considerable thickness of young sediments with a velocity of

5.4 km/sec. overlying a layer of heterogeneous rock'to a depth of

about 24 km with a P_ velocity, on average, of 6.1 km/sec.,

g
underlain by a layer of uniform material with the rather high
velocity for P* of 7.3 km/sec. Because of the uncertainty in the
velocity of P,, the authors placed no great confidence in the figure

of 20 km which they proposed for the base of the Crust.

Jacob (1969)(31) gave the results of the analysis of 71 Eskdalemuir




events, most of which were quarry blasts, see Fig. (2~5a). Using
an array processing computer program, designed to make allowance
for the curvature of the wave-~front and the altitude variations
between the seismometers, see Appendix (4), and calculating the
distances be;ween the shots aad the array from the P~3 tine
intervals, the author produced the apparent velocity-disiance graph
% shown in Fig. (2-5b). - The graph shows that the data is split into
| two sets., The first set lies approximately in the range 5.5-6.0 km/
sec. indicating that the phase velocity is increasing gradually
with range. The second group has a less definite trend in velocity
with range, in the interval 50< A< 180 km, with an average phase

velocity of 6.44 km/sec. None of this group has less than 6.2 km/

sece velocity.

Applying Wiechert-Herglotz inversion method (reviewed and compared
with other methods of determining velocity structure by Johnscn &
Gilbert (1972)(32))to the first group (slow), the author indicated
a gradual increase in velocity from 5.54 km/sec. at the surface up

to 5.94 km/sec. at a depth of about 12 km. To account for the other

group (fast) the author produced the model shown in Fig. (2-6a)
which gave the reduced travel-time curve of Fig. (2-6b). For this
structure, the 6.44 layer will give a second arrival in the range

49 & A < 83 km and first arrival when A = 83,

The author considered two points to deduce a generalised picture of
the structure in the area. Firstly, the closest source of his fast
group is at 56 km range at the time when such a range is expected

to give a second arrival from the 6.44 layer. Jacob reported that
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if a calculated first arrival at 5.7 km/sec. velocity has not been

‘missed, then the closer fast sources may be sited in an area where

the fast layer comes closer to the surface. Secondly, since both
fast and slow groups occur in the 100°-160° azimuth interval, this
would rule éﬁt anisotropy as a solution. Therefore the author
suzgested that the structure could be represented by a saddle of
high velocity rock with a depth of 12 km below EKA shoaling to the
NE and probably also to SW and deepening to the SE and NW. He
documented his suggestion by recalculating the reduced travel-~times
for the Agger & Carpenter's(26) shots (which are shown as dots on
Fig. (2-6b)) to deduce that the early arrival times support the

suggestion that the 6.44 layer may shoal towards the NE and SH.

It should be mentioned, however, that the author did not give an
explanation for the appearance of slow and fast sources (see Fig.
2=-5) at almost same azimuths and ranges. Something which in a

sense does not agree with his model.

Corbishley (1970)(33) has shown that if the slowness of the Jth
event recorded within the Kth distance from an array, h, is
dT/dEk, then at the ith seismometer a site correction Rhi
incorporating both a constant and an azimuthally varying term can
be defined from the residuals ¢

i by fitting a sine curve using

least squares.

Roi = Spi * iy = Spg * By Sin @45 + By) eee (21)

Hhere‘%hj is the azimuth of the jih event from the array h and




Shi is a correction associated with each seismometer and Ahi’ Bhi
and B . are constants.
“hi

(34)

In a following publication, the same author derived average
slowness curves (dT/dﬁk) for D =‘%f-104° using data from 478
earthquakes znd underground explosions recorded at the four
U.K.A.E.A. arrays. Slowness curves were corrected for station
bias by means of equation (1). As far as Eskdalemuir station is
concerned, iwo main conclusions were reached at: |

(1) Corrections for individual seismometer sites are related to

the altitudes of these sites.
(2) The teleseismic data strengthens the assumption of a three

plane-layered model of Agger & Carpenter(26).

Willmore (1973)(35) gave a review of seismic studies around the
British Isles from 1965. He concluded that the main features of
that work are: (1) The Mohorovicic discontinuity is shallowing
towards the west (2) There is some indication of an increase of

Pn veloéity with range (3) also indications of lower-crust velocities
ranging from 6.9<7.3 km/sec. have been found in some parts of the

ared.




2.4 LOWHET MODEL (MIDLAND VALLEY)

One of the main objects of LOWNET is to study the crustal structure
of the HMidland Valley using time-term analysis, see Section (3.3).
A time~term survey in the area has not been completed yet (lMeilson,
Oct. 1977, personal communication). Crampin et al (1970)(36)
reported: ¥ Despite the varied geology in the area, the variation
in time~terms between sites is small enough to yield séme estimate
of crustal structure from a preliminary plot of travele~times."

Their travel~time results of some recorded explosions are shown in
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Pig. (2-7) ffom which they derived average time~terms; velocities
and thicknesses. From these results they suggest a three—
horizontally layered model with the parameters shown in box Fige
(2~7). They indicated, also, that first arrivals from the 6.4 km/

sec, layer are recsived at distances of about 50 km.

2.5  LISPB RESULTS (RECENT PUBLICATIONS)

The Lithospheric Seismic Profile in Britain, referred to as " LISPB"
was completed in summer 1974. A full description of the egperiment
with some preliminary résﬁlts have been given in Bamford et al
(1976)(18). Recent results concerning the Upper Crustal Structure

(21),

of northern Britain have been given in Bamford et al (1977)

In their model (Fig. 2-8) for Midland Valley, the authors(21) gave
a 4~5 km/sec. velocity for a top most layer of varying thickness

(< 3km). This layer corresponds to 0ld Red Sandstone/Lower
Carboniferous sequences and is underlain by a 5.7 = 5.9 km/sec.
velocity, Lower Palaeozoic layer with a definite discontinuity at a
depth of the order of T-8 km where the velocity increases to 6.4 km/

sece Both boundaries are reported to be sharp discontinuities.

Refractions from the 6.4 km/sec. layer are seen at distances of
about 50 km in the Midland Valley but not seen in the Southern
Uplands until beyond 120 km and then with high apparent velocity
(6.7 = 6.9 km/sec.) The upper crustal velocity structure in the
Southern Uplands therefore consists of two layers. A thin top

" layer (5.0 km/aec.) followed by 5.8 -~ 6.0 km/sec. material to depths

greater than 10 km -~ all, presumably, Lower Palaeozoic type rocks.
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The top of ihe 6.4 km/sec layer beneath the lidland Valley slopeé
down to ihe south near the S.U. fault at an angle shown around 150
but which may be steecper (Bamford,; 1977, personal communications).
Apart from this, and conirary to Jacob's interpretation of EKA data,

a 6.4 km/sec. layer is not recognised under the Southern Uplands.
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CHAPTER IIT

SEISMIC RECORDING

3.1 Seismic Arrays

3101 Introduction

Borg & Bath (1971)(37) defined a seismic array as " the one which
consists of a number of seismometers arranged in a regular geometric
pattern, with central recording, and where the signals from the
individual sensors show such similarity in wave shape as to permit an
ensemble treatment ", They stressed on signal similarity where regular

geometric pattern and central recording can be dispensed with.

The idea of using seismic arrays originated from the regquirement to
measure velocities and amplitude absorption more accurately. The
time differences and amplitude ratios, upon which these parameters
are respectively based, are most precisely measured between stations
with identical seismometers and over distances at which signal

similarity is retained.

Such comparative studies have been done both regionally and worlap
wide by using records of independently recording stations. This
dates back to the beginning of the application of seismic prospecting
techniques where the need for closely spaced seismometers with central

recording was obvious.

In the 1930s several investigators suggested triangular arrays for

microseismic research. For continuous teleseismic recordings, the
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~ multi-sensor te;hnique was applied during and after Horld War II by
the U.S. Navy for locating and tracking tropical storms by the
generated microseisms(37). Triangular nets of ordinary seismograph
stations began to be used during the 1950s for correlation of surface
waves(37'38>, particularly aftgr the development of the time~domain

phase velocity methods for surface waves by Press (1956b)(39).

The technical possibilities and problems of nuclear tests were
discussed in the conference of experts at Geneva in 1958 which
resulted in the involvement of seismology for nuclear test detectione
This introduced a new era in the field of seismic array techniques.
It is from this conference that the term Geneva-iype station steﬁs,

ie. array station(37’4o)’

A seismic array was installed on Solisbury Plain, in February 1961,

to test the effectiveness of a.practical array. To test recording,
shots were fired at distances of 100 - 200 kms(41’42). Another array
was installed by the United Kingdom Atomic Energy Authority (U.K.A.E.A.)
at Pole Mountain, Wyoming, U.S.A. in December 1961. Recordings were
made of the 3.5 kT Gnome nuclear explosion near Carlbad, New Mexico
.at a distance of 1000 kms. This array was discontinued in September
1963(41’43. Results from these two arrays were encouraging enough
to put into practice the idea of establishing larger and more fully
instrumented arrays at Eskdalemuir in the United Kingdom and somewhere
else. The construction of Eskdalemuir station commenced in the

Autumn of 1961 and the array became operational in May 1962(43).
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In the 1960s many arrays were installed in different parts of the
world. Different shapes were considered and tried such as
triangular, rectangular, circular, cross (semi-cross), L-shaped,

ees etc. An array could he constituted by grouping subarrays as in
the case of LASA, near Miles city in Eastern Montana, where the array
comprises (21) subarrays of (25) short period vertical seismometers
and a three~component set of long period seismometers(44).

Different sizes of arrays were practiced also. " 3ize" , here,
refers to the number of the arrayé seismometers. This varied from a
few up to hundreds of séismometers. The area covered by an array,

best referred to seismologically as the "aperfure'g varied also from

few up to hundreds of kilometers.

Signals from different sensors of the array are usually transported

into a central recording either by cables or through radio links.

2.1.2 Advantages of Seismic Arrays

The advantages of using seismic arrays can be grouped in the following:

(1) Central recording is convenieni as it provides immediate access
to all records. This is particularly important for quick

preliminary location of all sorts of events.

(2) sSmall aperture, big sized, arrays provide more details on
the variation of the slowness (dT/df\) with epicentral
distances. On the other hand Lafge aperture arrays provide
the facilities for a clearer understanding of the Earth's
structure, particularly the Earth's Crust, over large areas, at
least the area covered by the array. Therefore, arrays are

useful in the studies of both vertical and lateral inhomogenities,
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(3) They are also used to distinguish between natural earthquakes
and artificial explosions. They also provide information
about azimuths, epicentral distances, origin times and

magnitudes of all sorts of events.

' (4) Array techniques can be used by Universities and Research

Centres, on a temporary basis and with reasqnable costs,
especially after the development of long-period (long time)
mulfichannel recording equipments. (See Section 3.4).

(5) Arrays proved to be a convenient answer for one of the most
awkward proble@s:in seismology, the noise, and for the
detection of weak arrivals. ‘A considerable amount of work has
been published on this subject. Different itechniques have
been applied, all of which utilize the simple fact that " by -
introducing time delays to compensate for the signal
propagation time aoross.the array and (summing or multiplying
or both) the outputs from each sensor, an improvement in S/N

ratio is obtained.

It should be mentioned, however, that rapid advances in computer
technology (both analogue and digital) in the last two decades have
made possible rapid and also real-time array processing not previously

feasible.

3.1.3 Array Data Processing Techniques

Different array data processing techniques have been developed and
adapted for different arrays within the last decade or so. All of
them aim to improve our ability to extract reliable information from

these data and are based upon signal similarity between different
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sensors for at least the first cycle or few cycles. This requires
careful consideration, especially in dealing with large aperture
arrays, since large distances between sensors might introduce ceriain
geological conditions (such as sedimentary layering and/br anisotropic
effects) which will make this expectation unlikely. Jansson &
Husebye (1968)(45), in their discussion of the application of array
data processing techniques to SLASA arrays, reported that if the signal
similarity is not maintained over a number of cycles, SLASA arrays
cannot be used because errors in.station corrections, travel-time
curves, etc make it impossible to determine the proper time shifts

necessary for the array processing.

Different techniques can be grouped under two headings:

(a) Linear which include frequency filtering and array summation,
and has the advantage that no information is destroyed. The
most commonly used method of processing the output of a
U.K.A.E.A. type array(46) has been described by Birtill &
Whiteway (1955)(41). The method is to form linear partial
sums from each of the two array lines, multiply these together
and average the output with either a square or exponential
window for 1 — 2 S. The linear sums preserve the signal
waveshape and the correlator output provides an improved S/N
ratio. Therefore linear processing is preferred in the case
of incoherent noise. Wiechert et al (1967)(47) suggest that
background noise is largely incoherent at short periods if the
array site is relatively quiet and the spacing between the

different sensors is large. Wilson (1967)(40) reported that



(v)

in the case of incoherent noise, simple sumning of the output
of different sensors scattered over an area with dimensions of
a few kilometers should increase S/N ratio by n , wheren

is the number of seismometers.

Non-Linear methods, such as cross-correlation. These methods

are usually used if the noise is coherent, and have the

disadvantage of distorting the signal. Nevertheless, non-linear
methods have been widely used for the enhancement of S/N ratio

in the past fifieen years or so. These methods imply appropriate

phasing and attenuating the noise which will be subiracted to

produce an enhanced signal. It should be noted, however, that
the appropriate phasing varies with the direction of arrival.
An outstanding technique which has been discussed and.used by
different authors, is known as " Velocity Filtering® or

* Frequency-Wavenumber Filtering". '(See Savit et al (1958)(48)
and Bath (1974)(38) pp 265 — 269. This technique is based on
the fact that although noise is coherent, it crosses the array
with different velocity which is usually less than the velocity

of the desired signal.

Muirhead & Datt (1976)(49) discussed what is known as the
non-linear Nth root method, which was suggested earlier by
Muirhead (1968&)(50). The method is based on taking the Nih
root of the sensor outputs (with the sign preserved) before
phased summing. The authors conducted their numerical
experiments on synthetic signals and noise. However, they
believed that for event detection, this process is much better

at handling non-Gaussian noise and is only very marginally worse
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than linear processing when it is Gaussian. For event processing
they reported the advantage of suppression of sections of the

record where the S/N ratio is low enabling more precise azimuth

and slowness measurements to be made.

Iyer (1968)(51) concluded that U.K. methods of array processing

are seen to be equivalent to simplified Pourier transforms in
wave-number space. The technique of muliiplying array data by a
Fourier operator and integrating is shown to be a simple and effective

way of computing frequeucy wave number spectra of space time signals.

3.2 The Eskdalemuir Seismolbgical Station

3.2.1 Introduction

In the year 1959, the United Kingdom Atomic Energy Authority began a
program for detection and identification of nuclear explosions. A
Geneva-type station, referred to later as a U.K.A.E.A.-type, was first
installed in Salisbury Plain in early 1951, followed by a larger
station at Pole Mountain in the same year. Experience from these
arrays was sufficiently promising to support the establishment of
larger, more fully instrumented arrays at Eskdalemuir, south of
Scotland; Yellowknife, Canada; Gauribidanur, India and at Tennent

Creek, Australia. ,

Each array consists of twé perpendicular lines of ten vertical
component seismometers spaced at 6.896 km in the case of Eskd#lemuir
and 2.5 km for the others. Full description of sites, station design,
instrumentation and opefation for these arrays is available in

Literature For Eskdalemuir, see Truscott (1964—5)(43).
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The design of any seismic array will depend mainly on the intended use
of that arfay. Haubrich (1968)(52) described the problem of array
design in two steps: (a) the number of seismometers and where they
should be placed, and (b) what processing scheme should be applied to

the output data.

' The choice of a suitable site should be the best compromise between

many requirements. First of all the site should be away from all
noise sources, good coupling at éll seismometer pifs should be
achieved and the geoloéy of the site should be homogeneous and
uncomplicated by major elastic discontinuities. Accessibility and
local topography also should be considered. The spacing between.
different seismometers, their'configuration and the aperture of the
array are mainly conirolled by the sort of events we are interested in,

and the background noise of the area of the array.

Truscott (1964~5)(43) reported that the site at Eskdalemuir has been
chosen to fulfil the following requirements:—
(1) It should not be closer than:
a) 10 miles to the sea
b) 5 miles to any railway line
c) 1 mile to any "A" class or well-used "B" class roads.
(2) To be free from large numbers of trees or woods; scattered
individual frees being acceptable. Rivers and streams must
not be near possible pit locations.
(3) Contours to pérmit siting of pits within ¥ 200 ft (61 m) of a
mean level, |

(4) Cables to be buried but not necessarily directly routed.
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(5) Service facilities of electrical power, telephone and water to
be available.

(6) Good access by road to recording laboratory.

3.2.2 General Description of the Array

The array is sited on Llahdovery rocks of Silurian age (Lower Palaeozoic),
isoclinally folded, highly cleaved and compacted but no metamorphism

is évident on the surface. Typical rockvtypes are frits, shales,
mudstones, greywackes and congloﬁerates. When the site was first

chosen, most of its land was used for sheep farming. Few years

after several private companies and the Forestry Commission have

acquired parts of the land which have now become subject to

afforestation programs.

 The average annual rainfall is 2.54 meters and the terrain has an

irregular network of drainage ditches and foresiry roads.

The noise at the site has been reported to be relatively low and to
vary between 3 and 20 mm for the 1=3 C/S band depending on weather
conditions(41). Truscott (1964~5)(43) represented the background

noise at the site under typical conditions in Fig. (3—1).

The complete installation comprises an array of 20 seismometers,
recording laboratory and seismoloéical vault. The array consists
of two, almost, straight lines of especially constructed pits
excavated down to well consolidated rock, levelled off with a

6-inches thick concrete layer where a cylindrical steel shell,
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covered by;a fibre glass lid with inverted U-~band vents, is'planfed

upright to house the seismometer. Every precaution has been taken

to prevent the pits from water drainage.

The two lines intersect at right angles, see Fig. (3-2) and Fig. (3-3),

forming a semi-cross with an aperture of about 10 km. There are eleven’

equidistant pits on each line, spaced about 0.896 xm, making a total
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Fig. (3-1) Eskdalemuir noise probabilities

(vand pass -3 c.p.s.). | |
, ® After Truscott (1964—5)(43).
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PIT CARTESIAN COORDINATES SEISMOMETER ELEVATION
X (kM) ¥ TYPE (METERS )
cP 0.000 0.000 305.0
B -1.049 ~2,659 A 27447
B2 ~0.717 ~1.829 313.2
B3 -0.521 -0.952 312.4
B4 ~0.056 ~0.168 298.9
B5 0.276 0.662 310.1
B6 0.606 1.493 337.7
BT 0.937 24323 43642
B8 1.313 3.281 § 405.4
B9 1.598 3.984 g‘ 398.0
B10 1.929 4.815 3 327.4
B11 2,260 . 5.645 ? 342.9
~
R1 -1.174 0.471 H 35547
R2 " =0.342 0.136 349.8
R3 0.489 ~0.199 321.6
R4 14320 ~0.534 337.7
R5 2.151 ~0.869 306.9
R6 2.983 -1.204 395.5
RT 3.814 -1.539 348.6
R8 4.645 -1.874 419.5
R9 5.477 -2.210 428.6
R10 6.308 —2.545 383.4
R11 7.140 ~2.880 v 350.4

Cross—over Point (CP):

55

19' 59.48%" N )
03 09' 31.52 W)

Grid reference NT 265050

Table (3-1) Cartesian coordinates of different pits
with respect to CP - Eskdalemuir Array
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length of about 9 km. Pits number (10) on each arm are not
instrumented now. Seismometers were removed to pits (11) a

few years ago. The two lines were referred to as " RED " for

the NW-SE line and " BLUE " for the other. The maximum altitude

difference between one pit and the next is (99) meters for the blue

and (89) meters for the red. The pit coordinates and elevations are

given in table (3~1).

3.2.3' Instrumeniation and Recording

Each pit, apart from R1O and B1O' is instrumented with a vertical
Willmore Mk II short period seismometer, adjusted to a natural period
of one second and damping factor of 0.6, a telemetry sender unit
which contains a preamplifier, an amplitude modulated (am) tone
modulator, calibration circuits, filters, voltage stabilisers and line
driver circuits. A separate unit contains lightning protectidn

circuits. Power for the senders is fed from the station laboratory

via the telemetry transmission cables,

In the year 1970, new cables (known 25 spiral 4) and Mk II am tone
system were installed to rglace the old multi~-cored cables known

as the de system and the Mk I system. With the new system, frequency
multiplexing is used to transmit two am tones along one cable
corresponding to two seismometers' output. For a detailed description

of the telemetry systems and their characteristics, see (18).

The recording station is a single storey brick building which contains

the main laboratory, battery room, store room, office, ... etc.

" Electrical power, telephone and water are available. Should power
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cuts occur, a standby diesel powered alternator, housed in the

adjacent garage, is automatically brought into operation.

The main recorder is a 24-track EMI TD 516 deck. The 24 tracks are
obtained by using two 1é-track record heads with the heads mounted so
that the tracks interlace., One frack is used for the station clock
code, two for error correction, one for the strong motion seismometer
(which is situated in the vault)_énd the remaining twenty for the
array seismometers. Incoming signals are amplified, filtered

(low pars 15C/S cut-off) and frequency modulated.

_ One inch (2.54 cm) width polyester base magnetic tapes, 7200 feet
(2194.5 m) long, are used for recording. Tapes are usually mounted
on 14 inches (35.56 cm) reels. Recording speed is 0.3 in./sec.
(0.762 cm/sec.), giving a recording time of 80 hours. The carrier

frequency is 270 C/S with a peak deviation of 331%.

The clock—coder in use has been designed and developed at AWRE,
Blacknest. The unit has a fast warm up crystal oscillator which
operates at 5 MHZ. It takes only 30 minutes to reach its specified
9

accuracy of less than ¥ 1 part in 107 per OC. The coder generates
a fast code in Vela format. The output from the clock-coder is
recorded in a form which gives 1 sec., 10 sec. and 1 min. markers,

together with a code one per minute which describes the absolute time.

in days, hours and minutes.

A correlator system is available at the laboratory and is used to
produce the replay of 8 channels from the short period tape deck
on to a paper chart recorder. The summed output of the 8 channels

with automatic gain correction and also a cross—correlation output is
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therefore obtainable for any event of interest.

Tapes are collected and transported monthly to Blacknest to be filed
and stored. Processing facilities are available there where detailed
analysis of selected evenits are carried out. Also play-back facilities

are available at I.G.S., Edinburgh and elsewhere.

3.3 LOWNET

This is a permanent rédio-linkéd short—period siesmometer network
operating in the central of Scotland {Midland Valley) and recording
on an analogue, 2.54 cm (1 inch) magnetic tape. The network has been
partially operating since January 1969 and fully since September of
the same year. At present, it consists of seven vertical Willmore
Mark II seismometers, placed on high ground with line of sight to the
Royal Observatory, Edinburgh, where the recording takes place. A
three—component set of seismometers is lodged in the Observatory

Vault EDI, see Fig (3-3).

The network is used mainly for (a) time-term refraction studies of
the crustal structure in central Scotland, (b) for monitoring the
minor seismic activities which have been reported, in the area, as
early as the eighteenth and nineteenth centuries, see Davison
(1924)(54) and continuing into the twentieth century, see Dollar A
(1950)(55) and Crampin and Willmore (1973)(56) and (c) the network
could be used as an array of 100 km aperture to determine apparent

velocities and azimuths of teleseisms.

Crampin et al (1970)(36) gave a detailed description of LOWNET,

equipment, sites and the resulis of a study of some explosions and
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natural events recorded on the network, see Section (2.4). A
computer program " FAMG " is used to determine the epicentre, depth,
magnitude and travel time of any event recorded by the network, see

crampin (1970)57) and crampin (1973)(58),

3.4 Broughton Seismic Array

3.4.1 Introduction

-
Results from local events received at EKA, see Chapter II, show an
azimuthal shift varying in sign and magnitude and variations in
apparent velocity in both direction and distance. Resulis from EKA
close shots, see.Chapter I, indicate an azimuthal velocity variation

in the vicinity of Eskdalemuir.

Results from an array south of the Southern Uplands Fault, near the

town of Biggar, would help to define the following factors:

(1) Seeing wavefronts differently affected by possible anisotropy
than those for the same events at EKA, details in Chapter YI.

(2) tudying the apparent velocities from the same sources at
different distances and azimuths.

(3) The nearest likely geological factor to EKA is the line of
S.U. fault. If the block to the north of the fault had a
velocity of 6.0 km/sec. and that to the south a 5.8 km/sec.,
then 150 ray re-orientation could be expected at critical angle
refraction. Apparent re-orientation of this amount occur,
however, at nearer normal than parallel incidence. Thé
proposed array will receive as critical angle refractions, from

sources to the NE and close to the north side of the fault.
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We also hoped to time the blasts at the sources, see Chapter IV,
and thus achieve as accurate origin times and locations as

possible.

" Description of Site and Station Layout

sites were considered for the location of a temporary seismic
in the area south of the town of Biggar. The main factors

controlled the search for a suitable site were:-~

The number of the sensors will be nine vertical, shoft-period
seismometers, arrénged on two 5-6 km long perpendicular straight
lines, forming either a semi-cross or a T or L-shaped array and
preferably with one seismometer common to both lines.

One of the lines is to run parallel to the strike of the.rocks
in the area (about 40° w~ 50°).

Recording is to be central where the recording device will be
lodged in a well-secured place (base station) and all the other
stations will be connected to it by radio, apart from the nearest
one, which might be connected by cable. Therefore, a line of
sight from every outstation to the base should be achieved.
Height differences between seismometers not to be large.

All seismometers should be on geologically homogeneous rock

and coupled to it, away from noise sources, easily accessible
and secured against vandalism,

Permission to be permitted by the land-owners for access to
their land.

The array will be used mainly to record local events (quarry
blasts and natural events) at different distances and azimaths

and originating mainly in the Southern Uplands and the




Midland Valley.

The area around Broughton village was found to be the best compromise

between all these requiremenis and was finally selected, see map of

Fig. (3-3).

Site Description

The array was sited on greywackes and shales of Ordovician (Upper
Llandeilo -~ Caradoc) ages Thesé rocks form a part of what is
geologically known as the Northern Belt of the Southern Uplands, which
is made up of thick’greywacke successions thinning in a south-easterly
direction, and associated with Upper Llandeilo or Caradocian
volcanicity, see Walton (1961)(59). At outcrop, these rocks are

well compacted, steeply dipping (generally SE) and unmetamorphosed.
Typical rock types are greywackes, shales, conglomerates, grits,

sandstones and limestones.

The altitude of the seismometer pits varied between 259 m and

346.5 m. Most of the ground is used for sheep pasture. fhere are
few trees and little of the land is used for agricultural purposes.
The ground is crossed by an irregular network of drainage ditches
and little streams which join the River Tweed. All seismometers
were kept at considerable distances from drainage ditches and sireams
to minimise the noise effect. Seismic noise sources are little and

the site can be fairly'described as " quiet ".
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Array Layvout and Pit Construction

The idea was to install all seismometers on bedrock, preferably on
two perpendiculaf straight lines and with equal spacings befween
seismometers. Conditions, however, were not favourable since peat
and boulder clay sediments were up‘to a few feet thick in some places.
Therefore, some pits were moved from the original proposed sites for
the seismometers to be on bedrock and on line of sight with the

base station to ensure radio connection.

Nine seis&ometers wereiavailable with eight radio links which allowed
the installation of eight seismometers on two, almost straight, lines
intersscting at‘the point with NG coordinates of (313.42/635.32) and
making a 900 angle, see-Fig. CE—Q). These seismometers were connected
by radio to the recording base station, which was installed on

Dreva Craig Hill. A Pést Office Engineers tent was borrowed and used
to house the recorder (Geostore). The ninth seismometer was placed,
off both lines, at Dreva Craig, some 50 m from the Geostore and
comnected to it by cable.. The lines, referred to as "S'" and *“N©
for parallel and normal to strike respectively, were of lengths of
6.20 m for the first (measured from the cross—over point i.e.

S5 ~ CP) and 6.10 km for the second i.e. (N1 - N4). Maximum spacing
and altitude differences between two successive seismometers were

1.77 km and 0.08 km for S-line and 2.87 km and 0.16 km for N-line, in

respective order. The location, height and coordinates of each

seismometer are given in table (3-2).

Pits were excavated through topsoil down to bedrock, levelled off

with cement, 10-20 cm thick. A wall was built around each pit and
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wooden boards were used to cover'fhem. Little ditches wefe dug for
water arainage when necessary. Every precaution was taken to

protect the seismometers from water, wind and sheep. In some cases,
fences were built around the pits. Seismometer N1 was placed in a
concrete slab, built on rock, in an unused quarry. That was the

only case where a pit was not excavated. Seismometer N3 was probably
placed on a large boulder. A nearby better (bedrock) site was missed
due to snow on the ground when setting up. The depths of different

pits varied from 20 - 50 cm. Cables connecting seismometers with

transmitters and receivers with the Geostore were always buried.

3.4.3 Instrumentation and Power Supply

Each pit was instrumented by a vertical short-period seismometer,
adjusted to a natural period of 1 sec. and connected to an amplifier
modulator (amp. mod.) which converts the seismometer's output to a
train of pulses and transfers it through a cable into a radio
transmitter of a certain frequency which transmits the signal to a
radio receiver with the same frequency, installed at the base station
and from which the signal is fed through a cable to the recorder.

- Selsmometer (81) was connected through amp./mod. to recorder by cable.
The equipment involved in the array could be grouped in three
categories: detection, amplification and transmission; receiving

and recording and maintenance equipment.
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Detection, Amplification and Transmission Equipment

(A) Seismometers

Two types of vertical, short-period seismometers weére used. Four of
them were of WillmoreMk III type and the other five of HS 10 type.
Both instruments are adjustable frequency and based on the idea that
earth movements will cause relative movements between the casing of
the instrument and a suspended permanent magnet mass which will
generate an E,M.,F. as an output fed to the amp. mod. The output

of the W Mk III is greater than 4 V/cm/sec., with sensitivity
variation of less than 1% over a temperature range of — 40°c - +SOoc,
.using a coil of 16 Kohm resistance. The output of the HS-10 is of
the order of 3.73 V/bm/sec. when fitted to a coil of 4000 ohm
resistance. For safety reasons, it is recommendéd that the HS-10
should be carried upside down when tranSported; W Mk III is
supplied with a clamping faciiity for these reasons and therefore

when used it should be unclamped.

(B) Amplifier-Modulator (amp. mod.)

The seismometer's output is directly fed into an amp. mod. where the
input is amplified and converted to a series of pulses (frequency
modulated signal centred on 676 HZ). This simple audio frequency
output signal is not only suitable for transmission by wire or
radio, but also for direct recording on magnetic tape. Power can
be fed along the same partvof wires that carry the output signal.
The unit is designed for‘low power consumption and is packed in a

waterproof container.
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Two different types of amp. mods. were used at Broughton, known as

Y prototype and prodﬁction",having different gain settings to cope
with the noise level in the area and the type of seismometer. In
our case all amp. mods. were adjusted to a gain of "7" for
production type and "3'" for prototype (This was the case for both

W Mk III and HS-10 seismometers). The amp. mods. outputs were fed
through cables, connected direct to the ipput terminals of the
geostore for station "S'" , and to the input terminals of U.H.F.
transmitters for the other outstations. All amp. mods. were covered
by plastic bags and housed inside the pits for protection against

watere.

(¢) U.H.F. Transmitters

For each of the eight radio linked butstations, the output from the
amp. mod. was connected to the input terminal of a miniature U.H.F.
transmitter, housed in a metal can strapped to the aerial mast above
ground level or to the antenna. The coaxial output from the
transmitter was convected directly to a multi-element Yagi array
(antenna). The antenna was fixed on top of the mast and directed
towards the borreSponding receiver at the base station and in line

of sight with it. Different transmitters had different frequencies,
In some cases, fences were built round the transmitter for protection

against sheep.




Receiving and Recording

(A) U.H.F. Receivers

Radiated signals from transmitters' antennae were received by similar
antennae fixed on top of masts over the ground, near the recorder, at
the base station. These antennae were directed towards the
corresponding transmitters and each convected to a metal can housed

- receiver arranged in a similar way as the transmitter. Outputs from
these receivers were connected by cables to the input terminals of
thé geostore. Two or three receiver antennae were strapped to one
mast to reduce the size of area covered by masts. Power was fed to
the receivers from the recorder supply via the same cables carrying

the outstations' ouiput.

(B) M.S.F. Radio Receiver

This is a timing device which receives the 60 KHz short wave standard
time signal transmitted by the M.S.F. Rugby station, and delivers it
to the geostore for referencing the interval encoded time signal.

The radio has an accuracy of better than 1 m sec. at 650 km from the
transmitter in the presence of moderate background noise. With a
pass-band frequency width of 25 c/sec., the radio can work under
temperature range of 0° - +4500, supplied by a 4.5 volt dry battery

and with a consumption of 0.8 mA.

(C) Geostore Field Recorder

This is an analogue recording device, designed for long term
collection of frequency modulated seismic data, with very low power

consumption and suitable for temporary or permanent seismic netwofks.
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All geostore components are light weight, designed for easy
installation, fully protected against the impress of dirt or water
and each is easily accessible for routine checks and maintenance.
Housed together with a time encoder in a completely waterproof
aluminium caBinet, the field recorder unit weighs 23 kgm, measures
52 cm width, 27.5 cm height and 44 cm depth, and uses a 1.27 cm

(3 inch) width, 730 m (2400 ft.) length, magnetic tape wound on
10.16 cm (4 inch) diameter spool, which accommodates a total of
14 tracks, 11 of which are used for seismic data, one for t&me
and the other two for flutter compensation to improve the signal
to noise fatio. Two seven—track interleaved heads are fitted and
either uni or bi-directional recording may be employed. In thg

second case only five seismic data channels are available and the

recording time is doubled.

The recorder accepts, on the seismic channels, only frequency
modulated input signal with a centre carrier of 676 H and a
maximum deviation of 40%. This, however, does not apply to an
external standard radio time signal. Recording speeds of 0.05953,
0.11906 and 0.23813 cm/sec. (15/640, 15/320 and 15/160 in/sec.) are
provided giving maximum récording time of 680, 340 and 170 hours
respectively (bi-directional operation) and half these times for
uni~directional. A 37 way socket is provided which, in conjunction
with the geostore field test box (see Section 4.3.4) will monitor
selected points within the recorder in order to verify correct

functioning of the equipment.,

A 12 volt power supply is required to operate the equipment,




normally a standard car battery. Another 12 volt battery is
required for the outstation supply. Three power supply cables are
provided, one for the outstations and two for the recorder supply,
as a facility for changing batteries without disturbing recording or
time code. The equipment has been designed to keep power supply
down to 1;5 W. Input sockets are provided for the eleven data
channels. These sockets also send power to the outstations' radio

.

receivers or, for cable links, to the amp. mod.

The time encoder is an integral part of the recorder and provides
time code data, an accurate flutter compénsation signal, and a
capstan servo reference frequency. The timing signals from the
encoder are accurate to one part in 106 over the full operating
temperature range, and recording is in accordance with " Vela Uniform
Cdde" for one minute time frames. Timing is in days, hours,
minutes and seconds which can Ee read numerically, see Fig. (3-5).
The time codé generator has a visual display which is enabled by a
key switch where push buttons enable the date/time to be updated.
Facilities are provided to allow the recording of a broadcast

standard radio time signal (via an external receiver e.g. the M.S.F.).

This may be done either continuously or once every hour on the hour

and for a limited time.

A desiccator is screwed inside the recorder to dry out the air inside
the recorder case if the humidity is high when the 1id is closed. A
routine check on the running of the recorder can be carried out by
observing a red light plug connected to the side of the case and

without opening the 1lid.
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At Broughton Array, nine channels were used for seismic data and oﬁe
channel for standard radio time signal. The recording spéed was
chosen to be 0.11906 cm/sec. (15/320 in./sec.) giving a maximum
recording time of 170 hours and a 16 Hz frequency bandwidth, see

Pig (3-6). Standard radio time signal was recorded continuously.

The geostore, the M.S.F. radio and the batteries were housed in a

Post Office Engineers tent, specially borrowed for this purpose and
this proved to be efficient against wind and fain, and the geostore
was kept dry and safe during the period of the experiment. | All cables
connecting the geostore.with seismometer " S ' and the receivers of

the others were buried a few centimeters in the ground.

Power Supply and Cable Connections

Each transmitter was supplied by a 12 volt car battery with maximum

capacity of 40 A/H. The amp. mod. was fed by the same battery via

“the signal cable, Total power consumption, from that battery, was of °

the order of 0.1 A/H. Two batteries of the same type were used to
supply the geostore, the receivers amd the amp. mod of seismometer
81, making a total power consumption of about 0.45 A/H. Although
batteries were supposed to supply power for over a week, it was more
convenient to charge them weekly. Twenty batteries were used,

10/week.
Army type "D 10" cable connections were used to connect amp. mods.
with transmitters, receivers with geostore and amp. mod. of

seismometer S1 with geostore,

Fig. (3-7) shows the overall picture of the geostore seismic data
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field recording system.

Maintenance Equipment

Test equipment and tools were essential for routine maintenance and
checking the performance’of the array. A kit of tools, wires, fuses,
tape, a volitmeter and three field test boxes were used throughout the
experiment. The field test box is a self-contained and very

compact one which can be used as a " short—-run" seismograph station,
and it may be uséd to monitor any channel whilst geostore s&stem is in
use. Outputs from this box include power for driving the amplifier
modulator or radio, test signal for the amp. mod. to confirm its

gain accuracy and test signals for setting up radios and the figld
recorder, Inputs include the seismometers output signals which can
be checked on the field test box pen recorder, and the field

recorder head currents which can be monitored in both frequency

and amplitude on each of the 14 channels.

Checking on functioning of network was carried out weekly as also

changing tapes and batteries.

3.4.4 Array Performance

The array operated partially with siesmometers N1, NZ' N4, S1, 83
and S; on 31/1/1977 (16 hr. 46 m. U.T.), and fully on 2/2/1977

(15 hr. 40 m.) and was discontinued on 6/4/1977 (12 hre 51 m.).

Ten tapes were used successfully for continuous recording during that
period. Many seismic events were recorded, ranging from local to

teleseisms (only local events were processed). Fig. (4~4) shows a

local event recorded at the array. A statistical survey, carried out




on 119 selected events recorded on all the tapes, showed that the

average recording of all the channels was T1.5%.

Some faults and breakdowns were experienced in the system throughout
the experiment and are summarised as follows:

(A) Geostore

(1) Channel (1) showed to be noisy at the start of the experiment
and therefore was not used. )

(2) Channel (10) was found faulfy on 3/4 and not used thereafter.

(3) Two days' recording was lost due to battery failure

(22 «~ 23 March).

(B) Seismometers

On only one occasion seismometer N1 was found on its side, This

was a possible wilful interference.

Lg), Amp./Mods.

Occasional high frequency noise was noticed on play-back of seismometer

N1. This is believed to have been caused by an amp./hod. fault.

(D) Radio Telemeter Links

Occasional transmission/reception failures occurred and found to
have been caused by:

(1) fuse failure (one case) at transmitter N1.
(2) untuned transmitter (one case) at 85.

(3) wet receiver (one case) at Ny

(4) possible high moisture causing intermittent transmission (one




case) at S3.

§E2 Cables

Damage occurred in only two cases. One was caused possibly by
sheep at Ny and the other (S54) by strain when at first stretching

the cables between the irees at the base station was attempted.




CHAPTER IV

SOURCES, ORIGIN TIME RECORDING AND DATA PROCESSING

4.1 Sources

4.1.1 Introduction

As outlined in the introduction to this thesis (chapter I), our first
interest was in local events received at EKA from different azimuths
andidistances and showing short-period (about 1 sec.) surface waves.
Surch for such events began through transcribed EKA and LOWNET

records filed in the I.G.S. (Edinburgh) and containing different events.
These events varied from local to teleseisms. The latter category

was ignored. Local events were mainly quarry blasts, special marine
shots and LOWINET fixed earth tremors. Play~backs were carried out

for more than (70) of these and-showed that events of the last category
(ie earth tremors) are the only likely ones to show surface waves.

Unfortunately, these were only a few.

First P-arrivals of these events were considered next. Results
revealed the need for (1) more events at various azimuths and ranges,
see chapter (VI). (2) shots to be fired at short ranges in the
vicinity of Eskdalemuir array, see chapter (V), and (3) the study of
other events, preferably from the same sources, recorded at different

location in the Southern Uplands, see Section (3.4) and chapter (VI).

The data used for this thesis are summarised in the following sections.

Fig. (4,1 ) shows the location of all sources, apart from the close
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shots which are shown on Fig (5-1). A list of all sources, their

locations, origin time and where received, is given in Appendix (f).

4+1.2 EKA Close Shots

These shots wére fired in summer 1976, at ranges less than (10) km
from the cross—over poinit of EKA. Chapter (V) has been devoted for

- this data; its presentation,vénalyses and interpretation.

4.1.3 Quarry Blasts (19km S A £ 130 km)

Numerous quarries iﬁ the Midland Valley and a few inkthe.Soﬁthern
Uplands firing heavy (1,000 1b to over 10,000 1b) shots provide the
main source of data, see references (60) and (61). | The regularity
of blasting at differénf quarries varies from severéi a‘jear to as
many each week. Most quarries are required to ﬁse.fime deiays in
blasting to avoid damage to surrounding buildings.A Time delays vary
from 0;7 m. Secs to 20 m. sece Maximum charge'per delay varies.also
 from 'less than (100 1b) to hundreds of pounds. These blasts are
recorded on LOWNET and EKA at ranges of over 100 km if the charge/
delay is more than (300 1b). -Epicentres_within LOWNET can be fired-.

from its recordings to + 0.5 km (Neilson (1977) personal communications).

Events from-these quarrieé can be grouped into two batches: +the first
batch includes all the (pre-February 1977) events received at EKA‘
and fixed by LOWNET. These were about (25) evenis received from (10)
different quarries at‘distanées ranging between 20 km and 126 ¥m from
EXKA cross~over point and propagation sectors ranging between 90o and

210°, see Fig. (4-2).
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Source

N A

Cross=over

Point (0,0

Sensor (Xi, Yi)

Fig. (4-2) Propagation Vector ( )

The second batchISpanned éssentially the.period during which Broughton
array was operating (1st February - 6th April 1977). Through direct
communication wi{h the quarry OperatorS, close checking oﬁ the location
of these blasis was possible. This resulted in (1) the identification
of over (60) events from (22) different quarries, giving propagation
vectér ranges of 90° - 248° and 89° - 224° and distance ranges of

20 km -~ 126 km‘and 19 km -~ 81.5 km from the cioss»over points of EKA
and Broughton Array respectively. (18) of these events weré timed

‘at (14) different quarries. Figures (4~3/5) show the recordings of

a quarry blast (Craig Park Q.) at EXKA, Broughton and LOWNET respectively,
(2) Some of the LOWNET identifications were found to be wrong.
Therefore about (15) events of the first batch were rejected from the

analysis.
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4.1.4 Marine Shots (100 Jm < A £ 340 km)

With the kind permission of I.G.S. (Edinburgh), shots (22 - 36) of
SOSP (II) project in the North Channel were made available for my
use. Also a few Navy shots, near the Isle of May, and soﬁe shots
of SOSP (I) project were also permitted. EKA records of these shots
were of importance. They enlarged the range of propagation sectors

to 54° - 248°.

4.1.5 Natural Events (56 km S B < 165 km)

There is a considerable seismic activity in the Midland Valley, some

of which has been associated with the mining activity, see Mashkour
(1976)(4) and references therewith. Tremors are recorded on both

EKA and LOWNET where the second is used to determine the epicentres

of such events. Accuracy of determination is of the order of % 0.5 km,
providing that the event has been recorded at five sensors, or more,

of the network (Neilson (1977) personal communication). About (15)
(pre-February 1977) EKA records of such events were analysed but

the location of more than half of these were doubtful and therefore

were rejected.

4e2 Origin Time Recording

As mentioned in the previous section, (14) different quarries were
visited, during the period when Broughton Array was in operation,

' attempting to determine the origin times of their blasts.
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Timing Device

With the kind cooperation of the Geology Department, Birmingham
University, their timing device was available for our use during the

period of our experiment at Broughton. The device consists of s—

(1) An M.S.F. radio, see Section (3-4-3).
(2) Seismometer of any type.

(3) A mixer box, with variable gain control, which amplifies the
seismic signal output and mixes it with the output of the M.S.F.

radio. The mixed'output is fed and recorded on:~

(4) An ordinary, one channel, cassette recorder.

To time any blast, the seismometer was planted as near as pbssible

to the centre of the shot pattern, mostly of the order of (10 m) and
surrounded by a wall of stones to avoid ;ny possible damage. A
(100 m = 150 m) cable connected the seismometer with the recorder box
which was generally placed near the shot firer, The instrument was
switched on a few minutes before the shot and off a few minutes

after.

A difficulty was experienced in timing some blasts, where the M.S.F.
time signal disappeafed through a background noise of television an@/or
radio programs. That resulted in the loss of a few timed blasts.

This is believed to have been caused by either (1) vattery voltage .
being too low to drive the oscillator gated by the M.S.F, pulses

| andfor (2) the long cable connecting the seismometer with the box,
where the cable might have acted as a receiver. Thereafter, the

battery was replaced and a short cable was used. The seismometer
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was located about (100 m) from the shot and small corrections were

made to the origin times.

All timed blasts, at the quarries, were played back using either the
facilities of I.G.S. (Edinburgh), see Section (4.3), or a single
channel hot-stylus device at Glasgow University. Timing accuracy

was of the order of + 0.01 sec.

It should be mentioned that the M.S5.F. minute markers were not decoded
at the time of the experiment. To avoid confusing the timed blast
with any near simultaneous event on the seismic tapes, an accurate

hand watch was used to time the blast to the nearest minute.

4.3 Data Processing

With the kind permission and céoperation of the U.K.A.E.A., all wanted
EKA tapes were transported to Edinburgh for my use and with the kind
permission of I.G.S. (Edinburgh), all LOWNET tapes and playback
facilities for all types of tapes were accessible. Two playback
systems were used, one which handles geostore 1.27 cm (% inch)
Broughton tapes, referred to as Geostore Replay Syétem, and the other
handles 2.54 cm (1 inch) EKA and LOWNET tapes and referred to as
Analogue Processing System. Both systems, described in detail by

Houliston, et al (1976)(62), will ve briefly described in this section.

4.3.1 Geostore Replay System

The geostore reproducer comprises a mains operated tape deck and an
electronics unit. Two different head assemblies are offered with

the tape deck, the choice of which depends on whether uni or bi-directional
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recording was employed in the field i.e. providing simultaneous
playback of 7 or 14 channels respectively. A subtractive flutter
compensation system is used to reduce the base line noise and thereby
improve the S/N ratio on all data channels. A monitor switch enables
any one channel to be switched independently to a pre-amplifie; unit
(housed in the rear of the equipmeﬁt) which automatically adjusts the
gain and bandwidth to suit the level and frequency of the signal.

This switched gain/bandwidth facility allows reproduction of signals
at speeds in the range of 2.38/25, 4.7625, 9.525, 19.05 an'd:’ 38.1 cm/sec.
(15/16, 1%, 3%, 1% and 30 in./sec. respectively). Inserts for the
deimodulators cards are also available for these speeds. The output
may be fed to an ink-jet recorder, computer or any other analysing

equipment.

The 16-channel ink-jét recorder provides a visible display of the
analogue magnetic tape. A fine jet 9f ink is directed at a moving
paper chart. A galvanometer switch, consisting of a small permanent
magnet mounted upon a glass capillary tube, is provided to co#trol
the oscillation of the ink—jet. The ink flow is adjustable and
controlled by a pump which feeds it to the capillary tube jet via a

fitter.

This system was used for playing back Broughton Array tapes from which
about (120) selected evgﬁts were reproduced in an analogue form on
paper. These events were timed quarry blasts, known untimed quarry
blasts, LOWNET fixed natural events and quarry blasts and few special
marine shots. The replay speed was selected at 2.38/25 cm/sec.

(15/16 in./sec.) corresponding to a speeding factor of (20). The ink-
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jet gain was mostly chosen to be at 2.5 volt/cm and found to be more
appropriate for small and distant quarry blasts recordings. Paper
speed was always selected at 1000 mm/sec. Time channel was

reproduced as first and last traces to increase the accuracy of time
measurements (+ .01 sec.). M.S.F. radio signal was also made on every

record.

A few selected events, with possible surface waves, were transcribed
on another tape in a digital form using the PDP11/5O computef
available in I.G.S. Limitations concerning speeding up factor,
frequency limit and a computer maximum capacity of 12,000 samples/éec.,
limited the number of digitised channels for any events to (6)

including the time channel at a digitising rate of 120 samples/sec.

4.3.2 Analogue Processing System

This system was developed to provide processing facilities for
seismic network data recorded on 2.54 cm (1 inch) tapes. The system
consists of a 24~channel replay unit connected tc a programming board
to facilitate the interconnections between various insiruments,
stereo listening for event detection, 24 analogue band pass filters,
a 16—channel ink-—jet recorder to provide visual playbacks, time
decoder to decode and display time channel, two particle motion
analysers, an automatic analogue playback control unit and bass=lift

circuits for wave velocity response modification.

The unit is capable of replaying 24-track tapes at various speeds
19.05, 38.1 and 76.2 cm/sec. (7.5, 15 and 30 in/sec.) which are 25,

50 and 100 times the recording speed of EKA tapes and 64; 128 and
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256 times the recording speed of LOWNET tapes. Two replay heads
provide the data for amplification and demodulation, one track per
head being used for flutter compensation. The band-pass filters
provide optional analogue filtering within the range 0.01 Hz -

100 KHz s With an attenuation slope.of 24 db octave. The ink=jet

recorder is the same one described in Section (4.3.1).

The replay speed for both EKA and LOWNET tapes was selected_;t

19.05 cm/sec. (7.5 in/sec.). Filtering was applied within the range
0.1 Hz - f6 Hz for both tape types. Ink-jet gains, mostly used,
were 1 volt/bm or 2.5 volt/cm., depending on the size of the event,
Paper speed was always selected at 1000 mm/sec. Time channel'was
always played back at the top and bottom of each record, for more

time-measurement accuracye.

When playing=back an EXA tape, the operation was carried out twice
to cover all the channels (20 seismic + time chamnel) since the

ink—-jet recorder can display only 16 chamels at a time.

For the convenience of anyone wishing to reproduce EKA data,. the (24)

tape tracks correspond to the channels as shown in table (4-1)



Track
Plug Socket EKA
on I.G.S. Tapes
Playback
1 R1
2 Bl
3 R2
4 B
5 R3
6 B3
1 R4
- 2 ”
9 R5
10 B5
11 EC
12 EC
13 ' R6
14 B6
15 RT
16 BT
17 R8
18 B8
19 R9
20 - B9
21 R11
22 B11
23 ' BB
24 TIME

Table (4-1) EKA records -~ tracks and corresponding channels
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CHAPTER V

ESKDALEMUIR ARRAY SHALLOW STRUCTURE

5.1 Introduction

Preliminary analysis of P-waves of about (50) local events and
Rayleigh waves of five of these received at Eskdalemuir Array from
different azimuths and ranges (some-of which were repeated) revealed
the existence of an azimuthal anomal& or shift (bearing of direct
source to receiver ray ~ observed) varying in sign and magnitude
from one source to another and ranging from (—50 to +150). In other
words, waves travelling from different sources, originating in the
Midland Valley, Southern Uplénds and off-shore, seemed to havé been

refracted from their straight line routes toc Eskdalemuir.

At that stage, an explanation of the azimuthal anomalies of Rayleigh
waves were considered of foremost importance. Their periods varied
within the range (0.5 sec. = 1.5 sec.) and therefore requiredvany
causative structure to lie within the upper O0=3 lm of the eafth’s
surface, anywhere between the sources and Eskdalemuir. On the other
hand, P-waves may be affected by deeper structures as their emergént

ray angles from the vertical are in the range 400 to 700.

Azimuth anomalies of seismic waves from array data have been reported
by different authors (more details in Chapter VI). Such anomalies
have been attributed to different causes such as: non-homogeneous ana
anisotropic conditions within the wave path; lateral heterogeneity

in the media such as dipping planes and/or a complex velocity
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structure of some sort immediately beneath the recording station.

An explosion experiment in the vicinity of Eskdalemuir seemed to be a

convenient way to study the shallow velocity structure within the

Lower Palaeozoic bedrock beneath the array, utilizing P-waves and

aiming tot

(1) identify any lateral inhomogeneity such as dipping refractors.

(2) study the effect of depth on velocity, i.e. significénce of
layering.

(3) and to study the velocities in different directions, i.e.

possible anisotropy.

Resources available permitted a pattern of six untimed shots
providing enough energy to be detectable across the whole array, ie.e.
ranges up to about 10 km giving information to depths of about 1 km.
Since all seismometers are founded on the steeply dipping Lower
Palaeozoic bedrock (shales & greywackes) no effect from superficial
deposits (at most a few metres of peat, boulder clay, alluvium, sand
or gravel) is anticipated on the apparent Qelocities measured at over
100 m range. There is no expectation of any other change of rock
type within the top kilometre of depth. Velocity changes with
depth, therefore, are only to be expected from joint and crack
effects, Lateral changés in velocity may be due, in addition, to

any contrast between shale and greywacke beds.

5.2 Description of Shot Pattern and Operational Details

Four reversed inline shots were fired on the two arms of the array

and two shots in between (see Fig. (5-1)). Distances between shots
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Infer-.nt- s > .ometers varied between 0.1 km and 10.09 km.

ire . :s av* ;ed around 4 kg/shot, c ided into separate units

roujhly 0*2, 0.4 0.0 kg depending shot—hole depths and were

n .. . .laneously. Holes were drilled by hand percussion bore

HIf .. or earth down to 1-2 m or rockhead if shallower, than

patterns were limited to a line or two, with maximum

aut 15 m, parallel to the cable lines (which run roughly

arms of the array) and about 10 m off them to avoid any

sl - *ge. For the two off—arm shots, holes were drilled

;;mcircles of about 7 m diameter. Shots were located to 4 0.01 km

relation *o the seismometer array, certainly for those on its

sand probably, through compass bearings to features on the 618

s £ e other two*

J- operation of the supervisors in the recording laboratory,

hsta.t.necus play—back of three shots was carried out using the

pliable ..ay-back facility referred to in Section (3«2»3)»

Anfp 'ecording and check on the efficiency of these shots.

Analysis & Interpretation

} -backs were carried out in I.G.S. (Edinburgh), see Section (4*3)*

L\ (5-2) shows the record of shot (6). All shots were received on

ey sor of the array. First arrivals (P-waves) were picked from

Relative

m=ar 1 the six shots with an accuracy of 0.01 sec.

HMames (see Appendix 2) were first plotted against distances'

shot¥* Origin times were calculated on the assumption that the

between the nearest pair of seismometers to the shot projected

.3 point (0.0). Three of the inline shots were about 0.10 km
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from the nearest seismbmeter, the fourth was about 0.48 km. The
nearest seismometers to the off-line shots, 2 & 4, were at 1.66 km
and 1.58 km respectively. For the inline shots accuracy of origin
time determination is believed to be + 0.01 sec. which is the

difference between the travel times to the nearest seismometer at

4.3 and 3 km/sec. For the other shots accuracy is of the order of

+ 0.02 sec.

5e«3+1 Vertical Velocity Variation
T—X Graphs/Inline Shots

First inspection of the travel~time-distance graphs of the inline
shots suggested that three linear segments could be fitted to each.

It should be mentioned, however, that the third segment (with lowest
slope) of each curve was fitted to only two or three points at most.
Velocities associated with different segments are given on the graphs,

see Fig. (5-3 4).

(1) Plus — Minus Method

Utilizing the results obtained from the T-X graphs of Fig. (5-3A)

and considering a two-layer model, the plus-minus method has been

applied to the reversed inline shots, see Hagedoorn (1959)(63).

Results are given in table (5-1) and Fig. (5-4). Commenting on these,

the following points should be made:

(1) The refractor velocity under the Blue arm differs significantly
from that under the Red (+ 0.36 + 0.03 km/sec.). The higher
velocity is in the direction closer to the local geological

strike (20° compared with 70°) (more details later). This

difference means that the basic assumptions of this method of



. zqooE'p oJR
S8UTT paysep (1£)

suotsouny Y3de~L310018) (g)

[ TYA = ~
[2I899UT gHy = SOUTT PITOs‘syTnsox(Resoury psjaop!
} ur SOT}TOOTIA ITOY} 0% 0721 syueufes uo mnmpsﬂs.mpomm PUTTUT X0F sydec? y-r (v):(€=5)*Fta

2 {008 foy

. 3

) _ L 00°L '\ .

= o | \

-
)
L]

N

r00° %

'/"’\‘”"'
T}
N—r?

: S LA : L
m. . (.m\ oG° . r.:............................m = N
atgze \ P oice
H R \ HES
: ;

e 0°G 9° 9* .
. Aomm\mﬂv \,.p..nmo.mg v

290 ( g ) G

ye- Se . Oe Qe ¢
¢ 0 mmoom\EuC %p,.nmo.ho> v

i
g e 1 9 ¢ v ez WS O o, o ¢ 4 ¢ oz oy O
n (uof) eoueysiq 4 . (usf) ooweystq
b mm.# . / 'N. N. |
. v g "
o
5 ..VO '3 ‘Vﬁc o
Tt
B g
922 920G - R ]
el
i - Q° .mxw.. ]
- ,.OOP OOFJ i
i 1 ! ..N. NO. - .
. N 66
] 95 o e (v )3 R
Y ENE 9 g1




=~ .
o+ (=) value + value Depth to
Pit tA B % :J “dser = refractor =
SECS.|Secs. | o [tA = tB - tABJtA + tB — tAB 6(* (+) value) (xm)
.3
R g '
3 0.432{1.167]< £‘> - 2.245 0.089 0.440
4 0.614{0.994|2 Ko7 | - 1.8% 0.098 0.480
5 0.794/0.809}8 |T< | = 1.525 0,093 0.460
6 0.982[0.645|" | | - 1.173 0.117 0.580
B qat2fo.a38] |V - 04776 0.100 0.490
(a) Red arm, & = shot (5), B = shot (6)
vy = 4.35 km/sec., V, = 4.86 + .02 km/sec.
B - | =
4 0.277{0.919], | | - 1.751 0.087 0.350
5 0.4660.740 |8 | ~ | - 1.383 0.097 0.390
6 0.6370.560 (8 | £ | - 1.032 0.088 04360
By 0.824)0.202]1° | V| - 0.687 0.117 0.470
(b) Blue arm: A = shot (1), B = shot (3)
Vy = 445 km/sec., V, = 5.22 ¥ .02 km/sec.
Table (5-1): Results from + method. Last column gives the depth

to the refractor under different pits.
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analyses are not met. Refractor depths under one arm cannot,
strictly, be compared with those under the other when the
velocities differ.

Fébm a reference datum the apparent amplitude of relief on the
refractor is 66 m on Red and 58 m on Blue (table 5-2, col. T)
with a maximum apparent slopebetween adjacent seismometers of
40. On the Red arm the refractor appears ito be slightly deeper
near the centre of the reversed spread (RS & R6). The
unreversed off-line ray paths cannot be used to add uﬁémbiguously
to this pattern.

The most sustéined apparent slopeon the refractor is shown
towards ESE along Red (Re to R6). This is little more than one
degree. A dip in this sense would tend to produce both agzimuth
shifts and apparent velocity differences in the senses observed
for arrivals from the noftherly quadrants. The maximum

azimuth shift i.e. arrival along strike with a 2° dip and a
velocity contrast of 0.8 would, however, only be 1-2° compared
with 10—15o observed. Similarly the maximum velocity difference
would be about 2% compared with 10% observed (allowing for range).
Corbishley (1970)(34) found from teleseisms i.e. arrivals at
nearly vertical incidence that time delays between EKA
Seismometers correlate with their elevations which is indicative
of a surface layer velocity of 2.94 + 1.3 km/sec. This is a

low figure for the well-compacted rocks on which the seismometers
are founded. Lack of original times combined with the

wide seismometer spacing exclude the possibility of difect

determination of near (tens of metres) surface velocities from
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the present measurements. It is found, however, that the
algebraic sum of the differences in delays due to using a
surface velocity of 4.0 father than 3.0 km/sec. is cancelled
by the additional delays introduced by the structﬁre on the
50 km/sec. refractor taking an average figure and for this .
purpose assuming that depths under Red and Blue can be

compared.

At less than vertical incidence and neglecting the effect of
V2 = V22 - y42

T (vor =12 )y delays due to

variations in top layer thickness will be decreased by up to 3

refractor dip (delay = Ah (

(at the critical angle), i.e. in the worst cases (BT & R6 relative to
B4) will lie between + 0.036 and 0.024 sec. Assuminé critical

angle refraction and elevation differences only, calculated‘apparent
velocities, see Jacob (1969)(31) and Appendix (4) differed by up to
0.03 km/sec. from those found by neglecting the elevation effect

entirely.

(B) Continuously Increasing Velocity with Depth

The data (Appendix 2 and Fig. (5-3A)) could be considered to
represent sample points on smooth T-X curves instead of lineafly
s@gmented ones. The slightly greater apparent refractor depths
under the middle of the Red arm could reflect the progressively
decreasing T-X gradient. In-line shots at different ranges into
the array arms would, in principle, resolve this ambiguity.

Whilst these are not available, the increase in apparent velocity

with range for more distant (20-150 km) sources, see Jacob (1969)(31)

and Chapter VI, supports the continuous velocity variation model at
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greater depth (3 to 10 km).

The inversion of a suitable T-X graph to yield the implied velocity
depth function may be achieved by applying the Wiechert—Herglotz~

Bateman (WHB) integral. This may be formulated as:
b

zZ(v) = j%— ~//) cosh ~1 (v, %ﬁ) X covenesssa(5=1)

. L]
Where 1/V = (%xi x= b, see Grant & West (1965)(64), p. 139.

The program used here for evaluating this integral is listed in
Appendix (3). In~put fo it requires a series of T-X sample points
such that each successive time increment is less than the previous,
Such series have been estimated from the in—-line data for each array

arm, see Appendix (3 ).

The results (Fig. (5-3B)) appear ito indicate:

(1) a rapid (i.3 to 1.4 km/sec./km), though slightly decreasing
rate of velocity increase over the first 0.7 to 0.9 km.

(2) a reduced rate (0.3 km/sec./km) near the limit of depth
penetration (0.8 to 1.0 km).

(3) a greater velocity under the Blue array arm than under the Red

at every depth within the range (+ 0.3 to 0.4 km/sec.);

These velocities, however, appear to be too high when compared with
the refractor model. A simpler approach which allows the theoretical
travel times to be calculated for comparison Wwith the observations

is to find the best value of linear rate of increase in velocity with
depth. - (K) for each line taking the appropriate values of Vo i.e.

4.35 km/sec. for Red and 4.50 km/sec. for Blue. On this basis,
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using equation (5-2) K was found to be about 0.8 km/sec./km for

both arms.

The velocity-~depth c;rve under EKA derived from the linear relation
between apparent velocity and range (20 < A S 120 km)
extrapolated to zero range shows velocity increasing>from 554 to
6.0 (or 6.2) km/sec. at a decreasing rate over the depth range O

to 10 or 12 km, see Jacob (1969)3") and Fig. (2-6a). This is in

general agreement with laboratory measurements on greywackes over a

~range of pressure (5.4 kﬁ/sec. at 0.01 k bar to 6.13 km/éec. at

10 k bar, see Anderson & Liberman (1968)(65). High initial rates

of velocity increase have been found in granitic gneiss (1.0 km/

sec./km) in the first 0.3 km, see Smithson & Shive (1975)(65).
These effects are considered to be due to the closure of cracks
(joints, bedding, cleavage-fracture) under pressure, see Hall &

Al-Haddad (1976)(67).

The velocity—depth curves derived here appear to join the curve
found for greater depths at about 1 km below thé surface (slightl&
greater under Red) (Fig. (5-3B)). The higher velocities under the
Blue arm could be due to the orientation pattern of‘cracks, see
Schenk & Schenkova (1974)(68); thus more frequenf cracks may be
expected 1o be parallel with the steeply inclined bedding (strike
20° off Blue) and reduce, relatively, the velocity of paths across
them (the Red arm lies at 70° to the strike). At depths over -3 km

however, where velocity increments with pressure become small

(Fig. (2-6A)) such an azimuth effect should also be much reduced

but see Chapter VI on apparent velocity variation with azimuth).
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5¢3.2 Azimuthal Velocity Variations

Whilst a T-X plot of all the data points (Fig. (5-5), 6 shots into
20 seismometers) shows a mean velocity of 5 + 1 km/sec. with a
possible 3 to 4 km/sec. top layer between O and 0.07 km thick,
in-line measurements indicate higher velocities under the Blue
than the Red arm. In off-line azimuths the travel times are, in
general, known for only a single range along a particular lin=.

In order to compare them the average linear rate of increase of
velocity with depth (K = 0.8) has been used. On this basis the
implied zero—depth velocity, Vo, has been calculated for each
travel time, T, and range, X, from the equation:

Vo = (3-{-535)/ Sinh  (B) veerenncnenenea(5-2),

see Nettleton (1940%§§?), Pe 259-TK
Vo = (=57)/ simh (F)

40)(69)

These velocities are pfogxéézaééinst ray azimuth from the geological
strike direction (N 50 E = S 50 W) in Fig. (5-6) where some
systematic variation becomes apparent when the Red and Blue
seismometer points are treated separately énd all points from
ranges < 1.8 km are omitted. Each set of lines then shows a Vé
range épproaching 1 km/sec. between a minimum 70/800 and a maximum,
best seen on Blue, 10/20 from the strike direction. - The Blue set,
however, lie about 1 km/sec. above Red representing differences, in
the same sense for each shot, in the interpolated cross—over times.
The mean cross-over time difference (Red-Blue) is 0.07 + 0.005 sec.
and the mean Vo difference is (~0.85 + 0.05 km/sec.). | Each’
difference depends only on relative arrival times at Red and Blue
seismometers read from an analogue play—back of both onto the same
chart, Errors here should not exceed + 0.02 sec. and despite

rechecking no explanation of the large and systematic difference
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Fig. (5~5) T-X graph, all close shots.
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has been found. The most direct estimate of ité valﬁevis given by
. the time differences on fhree reversed fay paths involving a Blue
and Red seismometer + 0,123 + 0,03 (Red—Blue). Estimates of Vo

for one arm and one shot at constant azimuth are:

Shot 1 (Blue 5.03 + 0.06 km/sec; shot 5 (Red) 4.60 + 0.06 km/sec

-

Shot 3 " 4.89 ¥ 0.06 km/sec; shot 6 " 4.59 ¥ 0.06 km/sec

Mean = 4.96 + 0.06 km/sec; Mean = 44595 + .6 km/sec

On reading the above, Dr. B. Jacob suggested that a misalignment of
the tape heads on the 1.G.S. (Edinburgh) playback system could have
produced such a time difference. New analogue playbacks, provided
by Dr. Thirlaway, from the original tapes at M.O;D., Blacknest have,
in fact, confirmed this. For the fire shofs (2, 3, 4, 5 & 6) of

7 September, the first arrivals for red on these new playbacksuwere
found to average 0.05 sec. earlier, relative to Blue, than on fhé
original playbacks. Relative to each other; arrival times on Red
had not changed. The same applies to Blue. Since for shois 1, 3,
5 & 6 the origin times were estimated relative to either Blue (1 & 3)
or Red (5 & 6) times, there has been no need to change the travel
times used in Section 5.3.1. Similarly on Fig. (5-6) the in-line
Vo values for these shots are unaffected. The ranges for each of
these 4 sets of points are an indication of the uncertainties
applicable to individual off-line points. For the off=line
seismometer travgl times, however, those from shots 1 & 3 into Red
have been shatened by 0.05 sec. and those from éhots 5 & 6 into Blue
iengthened by 0.05 sec. in producing Fig. (5-6A). For shots 2 & 4,
cffeline with respect to both Red amd Blue, the travel times have
been shortened and lengthened by 0.025 sec. into Red and Blue -

respectively in the calculations of Vo for Fig. (5~6A).
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To read travel times from Appendix (2), the origin times have now been taken

as follows:

Shot(1) Blue 13hr 06* 28.05" Shot(2) Blue 11hr 20% 02.45" = 0.025"
Red . 11 " 1t " " " + 0.025 " )
Shot(3) Blue 13hr 48% 40.82" Shot(4) Blue 15hr 34' 45.10" ~ 0.025!
Red " " " "t " "
(5) Blue 17hr 24' 45.70" Shot(6) Blue 19hr 21' 46.75" — 0.05"
Red " 1 {] " 1" " "

Conclusions to be drawn from this analysis, Fig. (5-6A) are:

(1) Calculated as Vo, from eqn (5-2), where X = 0.8 km/sec/km, the velocity
varies systematically with azimuth from a maximum around 5.1 km/sec parallel
with the geological strike to a minimum around 4.4 km/sec normal to fhe
strike. Towards the maximum range, where its effect is most, changing K
by + 0.1, affects Vo by not more than + 0;03 km/sec so that this conclusion
is not particularly sensitive to the rate of increase of velocity with depth,
in fact, it is apparent in the uncorrected travel times (K = 0).

2) An average variation derived as points at 10o azimuth intervals from
averages of all the calculated points in those intervals is shown on Fig.
(5-6B) in comparison with the theoretical variation in velocity for a

)(82)

transversity isotropic material (see Crampin (1976 , Pig. (2) for olivine
parallel to (001) with the b & ¢ axes rahdomly orientated) scaled to the
same amplitude (.85).

(2} Anisotropy of this amount would produce wave front shifts up to 10°
from the normals to ray paths in the sense shown on Fig. (6-3). The
theoretical estimation of these shifts is based on the relationship given on
rage 106 vnich compares closely with that given by Crampin (1977)(83),
#ig. (3) for the variation in angle (PHI1) between group velocity and
propagation vector with propagation vector for qP in anisoiropic material.

(4) The problem which arose because of the time difference between Red and
Blue cross—over times have been explained by a misalignment of the heads of
the replay systemes Correction for this has not changed the data or

conclusions about velocity variation with depth of Section (5.3.1) as these

were based on time differences along either the Red or Blue arms.
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CHAPTER VI

PRESENTATION OF RESULTS AND INTERPRETATION
ALL LOCAL EVENTS
EKA, BROUGHTON & LOWNET

6.1 Introduction

First P-arrivals of most local eventis, see map of Fig. (4;1), Appendix (1)
and Chapter IV, were picked with an accuracy of ¥ 0.01 sec. and less
than that for weak arrivals. Travel times and average velocities

were calculated for all timed shots. A computer program " CLOSE ",
see Appendix (4), desiéned to handle array data and makes allowance for
the curvature of the wavefront and the altitude variation between the
seismometers, has been used to calculate the apparent velocities and
angles of approach (with accuracies of + 0.002 km/se&. and + 0.3°
respectively) for all local events received at Broughton and EKA.

Since most of the sources lie within the distance ranges 20 km§ A S
126.85 km and 20 km § A & 90 km from EKA and Broughton respectively,
it is anticipated from previous work (table 6-1) that first arrivals

at both arrays will be either P_ or P¥ except for a few possible Ph

g
from over 130 km.

It should be mentioned that for these events linearly interpolated
cross—over times from the Red and Blue arms agree to within the expected

reading error, but that from Red is systematically later by up to 0.02 sec.

The results for each array (apparent velocities (Va), azimuth shifts
(389)) are first considered separately. Travel times to both arrays

and some LOWNET stations are considered together in a following sectione
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Southern Uplands ! Midland Valley
Phase
Velocity(km/sec) | Range(km) | Velocity(km/sec) | Range(im)
Pg 5¢8-6.0 20~80 593 % 0.03 20-50
Pn T.9-8.1 130 - ~ 8 %0

Table (6-1) Seismic crustal phases ~ their expected velocities
and ranges at Broughton and EKA as seen from previous
work, see references 21, 26 and 31.

6.2  EKA

6.2.1 Va Against Distance (&) and Azimuth (8 )

Apparent velocities, calculated by the program 'CLOSE", for 62 events
from 41 different source locations are plotted against distance in -
Fig. (6~1) More than one event has been recorded from 11 of these
sources (linked points in Fig. (6~1)). These repetitions indicate
an average standard deviation of about 0.06 km/éec. but may be twice
that figure at low signal/noise ratios. With the exception of the
natural events and a few marine shots.(for which only a general
location is known) distance errors are negligible. A linear
regression through all the points suggests Va increases at 0.01 km/sec/
km. The correlation coefficient (0.43) and standard deviation

0.4 m/sec. in conjunction with the expected errors (< .12 km/sec. )

indicate that Va varies at least as much due to other factors as it
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does proportionally to distance. On a similar plot using different

(31)

events but probably a few of the same sources, Jacob recognised
slow (5.5 ~ 6.0 km/sec.) and fast (6.44 km/sec. average) groups of
30 and 41 events respectively, with none in the 6.0 ~ 6.2 km/sec.
interval, and fitted regression lines to each separately. Ten of
the points on Pig (6~1), however, lie in this inﬁerval. Since the
distanée ranges of Jacob's fast and slow groups overlap it is no
longer clear how to justify this separation. If the upper limit
of the slow group is raised from 6.0 to 6.2 km/sec., a regression
line through those points on Fig. (6-1) below that limit is, in
fact, very close to that for Jacob's slow group but the correlation
coefficient is not improved by comparison with taking all the events
together and is considerably lower than that obtained by Jacob for
the narrower velocity interval (0.43 compared with 0.78). It is

concluded that more than half the variation in Va is still due to

other factors than distance.

Despite the overlap in distance ranges between the fast and slow
groups, where all are considered as first arrivals, Jacob proposed
a model consisting of an indrease in velocity with depth (5.5 to

6.0 km/sec.) to 12 km followed by a refractor having a velocity near
the fast group average (6.4 km/sec.). To explain that the fasf
group sources approach closer to EKA along a NE-SW axis than a
NW-SE one, he suggested that the refractor depth decreased with
distance from EKA along the 'fast' axis and increased along the
'slow' one. Although the LISPB interpretation of a 6.4 km/sec.
refractor limited to the Midland Valley at 7 km depth does not

support this aspect of Jacob's model, the relationship on which it




- 99 -

was based is confirmed by the additional data reported here. In

Fig. (6-2) a linear regression is drawn between apparent velocity

and a function of azimuth i.e. the sine of the angle between arrival
azimuth and a reference axis (1400/3200) which is approximately the
normal to the trend of the Southern Uplands Fault and the Lower
Palaeozoic structure. The cofrélation coefficient is 0.43 and

the standard deviation 0.35 km/sec. The tendency for Vé to increase
with range at constant azimuth can also be seen on this diagram.

In this analysis events have only been limited to exclude those with
V, > 6.9 km/sec., i.e. P > 6.9 km/sec., see table (6~1). A few
events from Jacob's paper for which the source azimuths could be
identified have_been included because they lie in otherwise
unrepresented southerly quadrants i.e. they support the radial symmetry
of the relationships. The azimuth of the LISPB line is shown on

Fig. (6-2) and it appears in this orientation that 5.8 km/sec. sV,

S 6.1 km/sec. i.e. the range of velocities which the LISPB interpretation
assigns to the first 12 km under the Southern Uplands is restricted

because of the orientation of the measurements.,

6.2.2 Azimuthal Anomalies (be)

As mentioned earlier, in Section (5.1), it was found that waves
travelling to EKA from different sources show azimuthal anomalies
?arying in sign and magnitude, where

Azimuth anomaly (shift) = (Direct — Calculated Propagation Vector)

Fig. (6~3) shows the relation between these anomalies and the direct
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propagation vector (P.Vf) as measured at the cross—over point.of EKA,
for all local events i.e. including all possible first-arrival
Vphases, Pg, P* & En’ It seems appropriate to include here rays
from any depth, i.e. including Pn’ since any azimuth anomalies they
show may be “ﬁidd@céd:by the velocity structure in a depth range

common to them all.

The principal features of these observed anomalies are as follows:

(1) Seismic rays travelling at propagation vectors lying in the
ranges 120° ~ 140° and 220° - 240° are not deflected, i.c.
approximately normal and parallel to the geological strike.

(2) A1l rays with a propagation vector between about 130° - 230°
seem to be deflected anti-clockwise. Deflection (shift)
seems to increase systematically from 0° at about 130° (P.V.)
into a maximum of about 11° somewhere arourd 180° (P.V.) and
decreases afterwards. |

(3) Rays travelling at propagation vectors less than 120° seem
to be deflected clockwise., Deflection (shift) increases as
propagation vector decreases, giving a maximum of —100 at
about 55(PV).Lack of data beyond that point makes the
prediction 6f the state of the anomaly unresolved. On the
other hand, the few points beyond 2300 indicate a clockwise

shift.

Azimuthal anomalies of different seismic waves have been observed,

discussed and interpreted by different authors.

Otsuka (1966a)(70) observed azimuthal anomalies of some teleseisms

recorded at the University of Califormia network. These were found
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to be cyclic functions of the direction of the source and with
amplitude of 10°, The author(70) discussed error sources and
concluded that these anomalies cannot be attributed to measurement
errors. In a following publication, Otsuka (1966b)(71) reported
that the structural feature which is primarily responsible for
these anomalies is located in the upper mantle within a depth of
about 100 km. To account for these anomalies, the author(71)
suggested a moderately dipping Moho underlain by a second deeper
interface with a velocity decrease downward and with a steep dip

towards the Ocean.

Niazi (1966)(72) reported that when a layer is overlying a half--

space with a tilted interface, the refraction of seismic wavés,

from the half-space, generally results in their re—orientation

away from the vertical plane of incidence with the following

consequences -

(1) The angle of emergence at the free surface will become
azimuth dependent.

(2) The apparent direction of approach will be different from the
true azimuth. The azimuthal variation also varies with

azimuth.

The author(72) gave a mathematical formulation for the computation
of apparent azimuth and the angle of incidence at the free sﬁrface
and tabulated some numerical corrections to the observed apparent

azimuth for a number of combinations of various dip angles and |

velocity contrasts.
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Bolt & Nuttli (1966)(73) studied P~wave delay times at 12
California stations relative to Berkeley as functions of azimuth
and computed best-fit sinusoids. In a later publication Nuttli &
Bolt (1969)(74) concluded that variations in the depths to the top
and bottom of the mantle low-velocity layer can account for the

observed azimuthal anomalies.

Brown, Borg & Bath (1969)(75) studied apparent velocities in
different azimuths and proposed a possible method of calculéting
trﬁe strike apd dip of crustal boundaries. They'developed a
theory, partly for a sloping Moho only and partly for sloping Conrad
and Moho with parallel strikes. They applied the theory to some
observed P —arrivals and calculated the strike and dip of the Mcho.
They also concluded that if a sufficient number of P* arrivals can
be observed, it would be possible to determine the sirike and dip

of the Conrad.

Ellis & Basham (1968)(76) reported azimuthal shifts as high as 18°
from teleseisms recorded at four seismic stations in Central Alberta.
They utiligzed Niazi's(72) approach to conclude that a (150 - 200)

dipping plane could explain such shifts,

From his studies of slowness and azimuth at the Uppsala Array,
Brown (1973 a & b)(77'78) reported that near~surface lateral
inhomogeneity was found from azimuth deviations to be small and
equivalent to less than'3° dip on the Moho. He pointed out that
to study the near-surface structure, azimuth is a better sounding

parameter than slowness. In another publication, Brown (1973 c)(79)

fitted sine curves to the travel time residuals of P-waves, from
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teleseisms recorded at 13 Fennoscandian stations, with back azimuths
as the independent variable. The result showed a clear regional
trend towards apparently early arrivals from the north relative

to0 those from the south. Ultimately the author(79) proposed two
possible solutions

(1) systematic epicentral mislocatioﬁ

(2) 1lateral inhomogeneity in P-velocity structure of the

Fennoscandian crust and/or uppermost mantle.

In respect of EKA, however, since:

(1) for arrivals from 20 A S 150 km ie. approximately
equivalent to deptﬁ penetrations ranging from 2 to 25 km, a
consistent azimuth anoﬁaly pattern is discernable (Fig. (6;3)),

(2)  for arrivals in the velocity range 5.4 § v, § 6.9 km/sec,

V, tends to a maximum (6.28 xm/sec.) along strikes and a
minimum (5.71 km/sec.) normal to it i.e. a ratio of 0.92
which, in so far as data are available, appears to apply to
all quadrants,

(3) for the close shot travel times a similar directional velocity
variation (5.4 to 4.8 km/sec. as Vo on Blue (Fig. (5-6)) Qith
a ratio of 0.88 km/sec., |

it seems likely and most economical of hypotheses to suggest that

the azimuthal variafion in propagation velocity (anisotropy) within

the rocks under and around the array inferred from the close shot
data is also responsible for the effects described on arrivals from

more distant sources.

If it is considered that at any depth, Z , within these rocks that
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the velocity, VP' in the vertical plane (YZ) of thé bedding is
constant and greater than the velocity, VN' normal to the bedding,
then the seismic wavefronts should be considered as oblate sphercids
rather than Spheres. Then the azimuth, ¢ , of the normal to the
teangent plane at a point (x, y, z) on a wavefront surface is

arctan (Y. VNa/X. VPZ) whereas that of the ray to the origin (source),
<p‘, is arctan (Y/X). Their difference (q>‘- @) is then the apparent
deflection or shift in the propagation vector. Under these
assumptions these angles are independent of the vertical angle of
approach. The shift, always towards the slow direction, would be

up to 10° for Vy/Vp = 0.85.  The assuned linear relationships between
V, and B> , see Fig. (6-1), and V, and sin (&), see Fig. (6-2) are
likely to be biassed because not all azimuths are represented at all
ranges. Such effects may be reduced if the Va values are corrected

for known variations in Vo, see Fig. (5-6), according to the relation?

sin (e) = 32 = 32
a a

Where"e"is the angle of emergence of a ray path. Teking Vo values
from the Blue data shifted to a mean position between the Red and Blue
points of Fig. (5-6), (4.4 $ Vo & 5.0 km/sec.) a set of Vv values
have been calculéted for a mean (Vo) value of 4.7 km/sec. For this
purpose some of the events on Fig. (6-1) have been omitted, These
are from sources over 50 km beyond the Southern Uplands Fault into

the Midland Valley measured along their azimuths from EKA where the
minimum time paths are likely to involve the 6.4 km/sec. basement
(LISPB). One value from a nearer source (Duntilland, distance =

72 km) has been discarded as it is too low compared with two othérs

from nearby and even compared with two from 20 kme Five of Jacob's
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events from the south and one at short range from the west have been
included on the Figure (6-3A). In fitting a regression line the two
short range sources ( < 20 km) have been excluded from the
calculation. Its slope is now much less than in Fig. (6~1) and
suggest a very slow rate of increase of velocity with depth

( < 0.0030D km/sec./km) affecting ranges from 35 km out to 150 km.

The initial rate of velocity increase with depth (0.8 km/sec./km),
see Chapter V, could be maintained to a depth of about 1.6 km before
reaching the 6.0 km/sec. value indicated at a range of 40 kﬁ, see
Fig. (6=34). The two arrivals from sources at about 20 km should

then, but do not, reach this velocity.

It is, however, proposed that the apparent velocity with range
variation into EKA téking azimuth into account is represented by
Fig. (6-34). If this is true, the seismic problem of recognising
the presence or absence of a 6.4 km/sec. Midland Valley type
basement under the Southern Uplands is not only difficult across
strike (LISPB) but impossible along strike where such velocities are

achieved within the Lower Palaeozoic.
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6.3 Broughton Array

6.3.1 Apparent Velocity (Va) against Distance (A)

Thirty events from 20 different sources are plotted in Fig. (6~4).
The nine events which repeat a source (linked points) indicate a
standard deviation of 0.08 km/sec. A least squares fit through
all the points‘(Line 2) has a correlation coefficient of 0.79.

The three abnormally low Va values are for the only events
originating within the Southern Uplands. Omitting these improves
the correlation coefficient to (0.90) and shows Va. increasing at
0.024 km/sec./km from a projected 5.59 km/seo. at zero distance
(Line 3). The standard deviation (0.1 km/sec.) is similar to that
expected from repetitions of a source. The three events from the
Southern Uplands (Line 1) suggest a parallel trend about 1 km/sec.
slower. Plotted on Fig. (6-~1) these three points are not as

anomalous as they are on Fig. (6~4).

6.3.2 Apparent Velocity (Va)against Propagation Vector (BQ,{

Taking all the points together, see Fig. (6-5), there is little
apparent systematic variation. For the Southern Uplands' trio,
that parallel with the strike has the highest Va with the other twé
symmetrically disposed about it. Plotted on Fig. (6~2) these three

points again are not anomalous.

Dividing those from the Midland Valley side of the array about the
critical distance (50 km, see table (6-~1)) suggests a possible
minimum Va normal to the strike for the longer range but not for

the shorter range group.
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6.3.3 Azimuth Anomalies

Fig. (6-6) shows the relation between azimuth anomalies (as defined
in Section (6.2.4)) and the propagation vector. One of the two
most anomalous events is a Southern Uplands source and the other

is a non-repeated 78.4 km distance quarry (Hillhéuse). Taking

all the points, there is no systematic anomaly change. Plotting
the three Southern Uplands sources on Fig. (6-3), they seem to fit

the Bskdalemuir pattern.

6.3.4 Conclusions and Comparison with EXA

When the apparent velocities measured at Broughton from Midland
Valley sources are plotted over the lines representing the upper
(parallel to strike, P) and lower (perpendicular to strike, N)
velocity limits measured at EKA, see Fig. (6-7), it is clear that
out to a range of 37 km, Broughton values lie within these limits.
It is considered particularly significant that they lie very close
to the parallel to strike value line at EKA. At EKA this direction
lies in the plane of the essentially vertical bedding. Since the
Lower Palaeozoic strata of the Midland Valley inliers are much less
deformed than in the Southern Uplands, it is possible that the
seismic waves from the north travel to Broughton also essentially in
the plane of this bedding. At the same time this proposal explains
the absence of azimuth anomaly at Broughton if this is to be

associated with anisoiropy along and across the bedding.

From 40 - 80 km range, arrivals from the Midland Valley into Broughton
have, without exception, higher apparent velocities than the fast

limit into EXKA from similar ranges. The alignment of the Broughton
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evcais, Fige (6=4) is probably fortuitous. The arrivai; £rom

D S 20 ki are better considered as refractions from a higher velocity
boccment (6.4 Xm/scc. af 7 = 8 kn under the LISPB line) for which the
critical distance is about right, sce teble (6-1). The apparent
velocity values are, howevor, higher 4han expected from LISPB., Az
pointcd out previously, the acrocs strilic orientation of the LISPB

linc in the Southern Uplands lcads to velocitics compatable with those
deducod from the EKA measurcments in thot dircctione A8 scon by

LISPB the samo velocity range (5.6 = 6.0 l=/scc.), is found uader the
ilidlend Valley where it is agein associated with Lower Palaeozoic roclks.
At Zroughton, however,; velocities in this layer may range up to

6.3 km/seo. ard the waderiying bascacnt velocities excecd 6.4 km/sco.
Thcso problems scem less severe thon those which would bo faced in
accepting the high continuwous ratc of velocity increase with depih

implied by tho line on Fige. (6~-4).

Dipnins Intorfeca(s) under Brouchion Array

As an alternative, the rather high apparent velocities of waves
reccived at Eroughion Array from the hidland Valley side could have
been magnified by approachihg the array up=dip from the north.
Concidering an average solution where the 27 events of line 3,

fig. (6-4) are sut-divided into two groups, the first group
includes 14 events at & & 40 km, rays for which are unlikely to
have rcached the 6.4 km/sec bascment, These have an average Va of
6432 ¥ 0413 ku/sec with a mean propagation voctor of 162° T 36°,

The second group consists of 13 ovents a2t B > 40 m with an average

V, of 6.92 ¥ 0.4 km/sec and a mean propagation vector of 143° 3 34°,
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The indications'of dipping plane effect are: (1) magnitude of Va

(2) Azimuth shifts, ghown on Fig. (6~6), is in reverse sense from EKA.

From the geological and seismic points of view, a dipping velocity structure
in the vicinity of Broughton could be one of the following possibilities =
(1) Relatively shallow boundary within the Lower Palaeozoic on which
the array is situated with a velocity contraBi base of "™ weathered ™
or fractured layer, cf. + results of EKA close shots but with a
dip towards the north.
(2) Upper Palaeozoic/Lower Palaeozoic discontinuity to the north of
Southern Upland Fault around Biggar where the L.0.R.S. is seen at
the outcrop. Such a discontinuity is unlikely to be deeper than 1km.
(3) Lower Palaeozoic/6.4 km/sec basement which is known to be at a

depth of about 7=~8 km.

If we consider a ray coming up from a refractor with velocity Vn (either
5.8 km/sec or 6.4 km/sec) through a refractor dipping with an angle
(6) and separating between two media with velocities Vo at the top and

V4 at the bottom then it can be easily shown that:

tan (9)=vov1/vahvo V1/Vn -—— ——>(4)

Yo
Vn

Now if the first group arrive from the Lower Palaeozoic (5.8 km/sec) and
the second group from the 6.4 km/sec basement, then a dipping interface
towards 1627 + 143° + 180° = 332° which will provide the V_ values, will
have V, & Vq ihich satisfy

tan (§)= Yo Vy/6.32 =V, V,/5.8 LV, V6.2 =V V, /6.4

; ,
i) 5.8° = V2 - v, [6.32° ve % (64-—V 692-—V
S \ .32 6.92 92

which leads to a set of values of Vo & V1. The maximum value of V
o

RN



is 2.9 km/seo which leads to-¥; = 4.3 ku/sec, ig = 42.5 and § = 5°.

|

t Such a refractor will héve a depth less than 1 km in 10 km along dip.
| . .

; Gogéidering individual events from the firet group, for example,

e ‘;ms Loup is about 10° off true dip direction with V, = 6.4 km/seo.
This requires Vh to be about 6.0 km/seo to_maintain a dip of atout 5°.
For Middloton which is :.bout -75° off truc dip direction, its 6.38 km/sec
obhserved veclocity requires also a 5° dip along its direction. It was
found that, for this group, to satisfy equation A this requires (1)VV£
is about 6.0 km/sec. .(2) the dip of 5° of this shallow refraotor to

be maintained througzh the rango of azimuths they span.

Por the second group, i.es arrivale from & refraotor with Vn = 844 km/seo;
those V_ 's > 6.52 ku/sec require a dip of not less than 5° with the
speocified Vg & V4e Since somo of the stroag cvenis assoociate V& >

7.0 ka/sec with agimuths up to €0° from truec updip direction (e.ge
iillhouse), this group also require a deeper interface (6.4 km/sec) with

radiating dip in addition to the shallow one.

Therefore a model could be a choice of cne or a combination of two of
the following:

(1) Higher Lower Falaeozoic velooity than 5.8=6.0 km/sec.

(2) Higher busement velocity than 6.4 ku/sec.

(3) Suallow dipping plana.

\ (4) Deeper dipping plane.

Until future work shows that shallow dipping plane exists or not or
higher V\,1 values exist or not, the structure, as seen from this data,

remains a cﬁoice between the above possibilities.
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General Conclusion

Whilst the general propositiou that the high average apparent
velocities at Broughton may be due to a siructural model involving
true velocities consistent with LISPB/LOWNET is reasonable, there are
complexities beyond a single dipping plane structure when the apparent
velocities and azimuths of individual events are considered, i.e.
almost certainly radiating dips and less certainly both a shallow

and a deep interface.

With the present datd such a model is, perhaps, to be preferred to

one involving such high true velocities as Lower Palaeozoic Va of

6.3 km/sec and basement Va of 6.9 km/sec. The simplest way to

choose between these alternatives would be a shallow refraction survey

at the site of the Broughton Arraye.

Sul Travel Times (LKA, Broughton & LOWNET)

Sc..e preliminary calculations for simple models, in particular those
describing velocity stiructure as continuous linear rates of velocity

increase with depth have been made using the following equations

K=2 vlev? g7-2sinh ' xx
X a o) K —_—
v,

Where K is the velocity rate of increase in km/sec/km, Vo is the
velocity, at the surface (zero depth), Va is the apparent velocity,

X is the horizontal distance and T is the travel timee.

Assuming a mean surface velocity of 5.0 km/sec., K was calculated

for each of 12 timed events recorded at EKA and from this their
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eme © | Pastance Do rime| Tr Tims|Obs.~cale| X
(xm) km/sec | (sec) (sec) (sec) |km/sec/kxm

Craig Park | 66.83 | 5.75 | 12.02 | 12.22 | - 0.20 .05
Hillhouse 96.11 | 6.40 | 16.76 | 16.50 | + 0.26 .068
Boards Farm| 93.31 6.52 16.59 16.90 - 0.31 .09
Cloburn 48.43 | 5.58 8.75 8.77 | - 0.02 .04
Middleton 53,09 | 5.99 9.86 9.96 | - 0.10 <124
Tams Loup 70.27 | 5.67 | 12.80 | 12.65 |+ 0.15 .04
Kaimes 62.96 | 5.75 | 11.40 | 11.28 | +0.12 .05
Douglasmuur | 101,72 | 7.30 | 17.93 | 16.75 | + 0.18 1
Murrayshall | 99.63 | 6.70 | 17.90 | 17.87 | + 0.03 .09
Collace 126.85 | 6.0 21.91 | 22.42 |- 0.51 04
Loanhead 103.23 | 5.8 17.72 | 18.40 | ~0.68 .04
Westfield 94.21 | 6.3 17.02 | 17.01 | + 0.01 .09

Table (6~2) Observed and theoretical travel times as calculated

through a model with continuous linear increase of
velocity with depth for timed events received at EXA.

travel times which show an average difference from the observed

times of -0.09 sec., see table (6~2).

The time differences beiween

. . 1 . .
an assumed linear increase and Jacob's(3 ) non-linear function over

his given velocity range 5.54 -~ 6.0 km/sec. for the top 12 km are

only a few hundredth's of a second.
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The timed évents_for which Figs. (6-34) and (6~7) are supposed to
apply cover a limited range of azimuths around the slow direction
(108° ~ 188° (é.v.)). The low velocity gradient below a depth
of 1.6 km suggests that travel times should match the apparent
velocity of the refractor allowing for azimuth and delays in the
top 1.6 km (0.33 sec). On this basis a mean V of 5.7 km/sec at
a mean range of 57 km compares with an apparent velocity of

5.78 km/sec from Fig.(6~T).

Observed travel times into the Broughtoﬁ Array and four LOWNET
stations (GL, BL, AB & AU) from Midland Valley scurces were compared
with those calculated for the regional LOWNET model, see Section

(2.4))for 12 events.

The mean difference (observed T.T. — calculated T.T.) at Broughton
is 0 .24 sec., at (GL, BL, AU), also on the Southern Uplands Fault
side of the Midland Valley, 0.23 sec. and for (AB) on the north side
by the Highland Boundary Fault, “0.20 sec. It is concluded that
the average velocity structure approaching Broughton is not
significantly different from that approaching the quoted LOWNET

stations.

Calculated travel times into Broughton based on K values (from
measured V,'s and an assumed V, = 5 km/sec.) have an awverage

closer to the observed than those from the LOWNET model (0.09 Sece.
compared with T0.24 sec.) The rates of continuous vertical increase

of velocity with depth (K ® 0.2 - 0.25 km/sec./km) are quite high.
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7u.e continuity of velocity increase with depth to below 7 =~ 8 km
uplied by the line of Fig. (6-4), however, has been rejected and

the alignment of the Broughton points in the range 20 = 38 km

suggests a low rate, see Fig. (6—7) (on EKA limit lines) in
presumably the Lower Palaeozoic rocks above the basement. In the
absence of shorter range data ( 20 km) there is little point in
elaborating the model. Some continuous though non—linear functibn
of velocity increase with depth from 0ld Red Sandstone into the
underlying Lower Palaeozoic would, however, be consistent with the

geologically observed gradation between them.

6.5 Conclusions

(1) Velocities in the Lower Palaeozoic rocks of the Southern
Uplands are seen both from the close shots and the local events
to vary from a maximum along a direction parallel to bedding
(strike) and to a minimum at right angles. The ratio between
these velocities is similar in both cases. This magnitude
of anisotropy will provide azimuth anomalies of the observed
magnitude and pattern. .

(2) The velocity appears to increase rapidly (about 0.8 km/sec./km)
down to a depth of 1 = 1.5 km and thereafter at a very slow

rate of about 0.003 km/sec./km.

| (3) This indicates along strike velocities in the Southern
Uplands, approaching that of the 6.4 km/sec. refractor under
the Midland Valley, at a range of about 75 km.

{4) The rather high apparent velocities measured at Broughton from
the MNidland Valley side may generally propose a structural
model involving velocities consistent with LISPB & LOWNET

with the existence of a shallow 4.3 km/sec refractor under




(5)

(6)
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Broughton with a radiating dip of about 5° maintained through a
wide azimuth range.

If such a structure does not exist under Broughton area, then
those high velocities from the Midland Valley side, which seem to
agree with the along strike i.e. in the plane of the bedding
velocities in the Southern Uplands, together with absence of
systematic azimuth anomalies seem to be consistent with the
Lower Palaeozoic structure under the Midland Valley being on
average sub-horizontal. There the velocity of this refractor
and the underlying basement appear to be greater than those

found by LISPB.

On the evidence presented here it is considered that the velocity
of P waves within the Lower Palaeozoic rocks around EKA not only
increases with depth but also vgries with azimuth. Similar
anisotropy dependent upon the attitude of the bedding in.these
rocks is to be expected elsewhere in'the Southern Uplands and
needs to be investigéted before a complete interpretation of a
seismic profile in any single azimuth can be achieved. Since

it is not known whether the shallow structure under Broughton

is a éufficient cause for the high apparenf velocities observed
there, it is recommended that this structure should be determined
here and, routinely during future array work in the region.

Until this point is resolved at Broughton the results there
cannot be used to say how important it is to use arrays rather
than linear profiles in seismically investigating the Lower

Palaeozoic basement interface under the Midland Valley.
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APPENDIX (3)

This program was used for the

inversion of the T—X data for the

inline shots of ‘Chapter V and is based on Miechert-Herglotz—Bateman

integral,

travel times and distances.

see Grant & West (1965) > P* 139- Input to

it are

Output arc velocities and depths, see

Fig. (5—3B).
WATFIV n ATCP. JOB BV e WY el W m N W B VY R Y B Wy Wy ey
JL,1f1v pATCH JO03 >ra Q- Vferr v @ Y A wow Ve
v/ |F1V HArcM JOB  ««aa««e»
<$ VATFI V PATCH JOB \r % v X SFV oawvry v vEv v v ERvrv S ur ' Scvr Scv o vr v s& vrv
£COMPILE GALVO07
C EL-J3A,PECEPT i ON
C PP0OGP AM WHIi HALL,GLASGOW,JUNE 1977
C WIE CHERT~HERGLOT7-dATEMAN INTEGRAL FOR INVERSION OF T-X OAT
DIMENSION VIIIT (100) ,VPT<100> ,Z(100),T(100)
REAL-‘A TEXT(5)
PEAO (5,106) UPK
do sr. k=1,npr
REAn  (0,106) TEXT
wRITF (~,105) KSTEXT
RE A0 (5,100) I, XRAA
<EM > (0-101) (T (J) »J=1 ,N)
w<lit. (AI1]0ji)
Vi.NT (1)“XMAX/T (1)/14
10 20 J-('v N
VIGIT(J)=XPAX/ (T(J)-T(J-1))/*
PC) CONTINUE
M~is- ]
00 3i> J=1,M
DIST =J«-XMAX/rl
VPT (J) =0.5*<VI \T(J) +VIMT (J+1 ))
/(T )“0«0
00 AO I-1,j
X-VPT(J)/VINT(1)
ACOSH=ALO06(X+SURT<X**P-1%*0))
7(J)=7(J) +XMAx*ACOSH/N/3.1616
60 COOT IOUL

WRITE. (6 *10P)

30 COOT 1 “!UE
SO COOTiDUE
100 FORMAT(PX<13 ,FI10.3)

101 FORMAT(?Xil0F7.<0

7AJ) ,VPT (J),T(J) *0 IST

10P FORMAT {10X*F7.3,10X-F 7.3 *16X,F7 .6,aX,r7.3)
rOF"AT (// 6X?’0ETLKkMITNATICN OF VELOCITY-Or.RTH FUNCTION */ 6X, 1
JrlERT- HLPGLOTX- HATEMAN InTEGPAL‘//3 X, ‘OhPTrl

103

IN PER S-+6X, 1TI ME

106 FORMAT(?X,13)
10S FOHMAT (////P X , "PRO3LLM NUMbt-R <, 13 »SAtt)
106 FORMAT (5AS) -
STOP

COAT A

END

IN S*6X,»0iSTANCE IN 601/)

INKM‘nX, ' VI'lOCI
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i r- NUMBER i SHOT (6) k10 ONLY 6/9/20700

Oi'TrR"INATIOH OA VELOCITY-O0LPTh FUiC'(ION

ilY It. CMEHI - HF #HLO T7Z7BATEMAM INTL6P AL A VVPA/T
DEPTH 1IN r\h VLLOCITY 1’ KM PEk S TIME IN S DISTANCE 1IN r

0.021 A.346 0.1160 0.600
00073 A*A65 0 2300 1.000
0115 4.565 0.3400 1.500
0135 4'.591 . Ay° 25000
0.1A7 4.596 0 *55/6 2.500
0159 4 %60 2 0.6655 3%000
0*302 4.619 0 %7751 3.500
0*421 4.792 0.8630 4.000
0%571 4.975 0.9 640 45500
0*725. 5.132 - 1.0640 5.000
0.926 5.379 1.1790 5.500
1.0A2 5%525 1.2700 6+000
110 9 5%567 1.3600 6.500
1.16 5 5.650 1.4h,0 7.000
1.266 5.714 1.53/0 /.500

LEM NUMKER 2 SHOT (1) bLUc ONLY 6/9/1A/6.

OETERMI NATION OF VLLOCIT Y- DEPTr, FUNCT 10N
BY *1ECnERT-riEPGLOT/--BATEMAN INTEGKAL

DEPTh IN KM VELOCITY IN KM Pc.R S TIME 1§ S DISTANCE IN
0.034 4.8 69 0.1030 0%500
0.065 5*000 0.2035 1.000
0.090 5.033 0 *30D0 1%500
0.1.28 5.076 0 *a 0+0 2%000
0.249 5.239 0.50i0 4%600
0.829 5%341 0.5930 3.000
0.361 5.420 0.6 575 3%500
0.395 5.450 007776 4.000
0.44 0 5 »A79 0.8710 4 %600
0%486 5.510 0ev6lU 5%000
0.535 5.540 1.06iD 5.500
0.894 6¢()72 1*1475 6.000
1.117 6.192 1.2233 6 «600
1.131 6%40 ] 1.30+0 7 %000

1.148 6.207 1.3816 7.500
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RED ONLY 6/v/ 70

INAT Jv¥*1 OF VELOCI TY~DE >TM. rtUMCT10M
CPER i 1®£fivalOTZ-BATEMAN

I' x!'m AM VL’LOC 1TV IN KM PER S TI ME DISTANCE |IN
0.0]] 4¢.33 A 0.1]o0o0 0300
o *o 7 4.37 7 0 .21vp 1*0v0
0-06 4 «(0*03 0 *32 feb lob 00
0*12 . 4 . t>(b 0 *4-3 0 b 2000
o.13" 4. 739 0c34.73 2«3 0c¢
0.23 1 4,733 (:. 17 b 35 WUP0
0.3] 4 .833 0.7313 30300
0.AO0 4¢93 1 C.Lbbb 4 .00C
0.5; 3.0 31 0.3 .03b 4.300
0.03L W«kt b 1.0 34b 3%000
0.72 3+2%2 1.1-v7b 3%300
0c*'b 3.3 A3 1%64i3 6%000
I*.9L 7 «H ! 1.3339 6.300
] *04 / 3.307 o3 .7 7500 0
1-11- 3.630 1.b 129 7%¥300
1 of!:* » 3.71¢ 1.£* G9 8.000
1.33 3.764 1.667v %300
Mt.L 3 EKA (3)) DELE ONLY (GRAPri) 6/v/76
i1.A, or VELOCITY-DE
CfiLr-: 1—ic¢. RGLOT Z-GATEM.A.]

AM VELOCITY r; PLR S Mr. ii* S DISTANCE 1
0 00/ 4 ¢330 01100 0c¢300
0-01b 4¢336 0 V4 1Vb 1500 0
0o 1-©° 4,734 0.3393 1%300
0.33 = 4.97-3 0.303 24000
ip.318 3. 133 0.3 3.03 2%30 0
0xiv J 3.v09 G.r>45b 3 %000
i'.b 3.614 0.71Db - 3%300
0.621 N £y 0.4030D 4.000
0 3 3.043 0Chb91'r <4.500
¢ e U 3.636 0.V /Ve S¢00 0
t.6 b 3.703 100669 3%300
0 J: b 3.7 1 Leciberb G»000
0.6 3.716 i .Pado 6+300
« =7 3.764 i.3494 7000

NM
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APPENDIX (4)

CALCULATION OF TIME OF ARRIVAL AT AN ARRAY ELEMENT FOR A
NON—PLANE WAVE-FRONT

This appendix contains a listing of the program " CLOSE " which
was used for the apparent {relocity and propagation vector
calculations, see Chapter VI. The program was written by
Jacob (1969)(31) who gave the following theoretical treatment
as the basis for the calculation of the delay in the time of

arrival of a curved wavefront.

Correction for a Curved Wave-Front

. Refering back to Fig. (4-2) the y~axis is NS and the x-axis is
E¥. Where the cross—over point of the array is (0, 0) in
Cartesian co-ordinates and the position of the i*h seismometer is
at (x;, y;) we have that the distance D from the source to the
seismometer is
D= |(x, + A sin )2 + (y +Acose)2 %
i 9 W i ]
and the difference between this and the distance of the source to
the cross—over joint is (A ~ D). Therefore, for each seismometer,
the time correction to be added to its arrival time is
i
st A [(x:.L + A sinew)2 + (y; + A cos GW)ZJ =
| Vol (1)

¢ of the shock is used instead of the propagation

i(xy)

If the azimuth, § ,
vector @, change signs inside the inner brackets. In processing

the signal on the array 0 £ is used as this is what is " seen " by

the array.
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Correction for Altitude Differences

The delay due to relative altitude of the ith seismometer is
. %, CO8
Dri(z) = 2

vy

But, as sin 9 = v1/Va the correction term to be added is

2

- ;T_‘lé- )
a (2)

Summing equations (1) and (2) and allowing for experimental error,

1
Shiz) = % (VE-

Ei’ we get for the ith seismometer

t - {. = {ﬁi

o i
=A- [(x:.L +\ sin Sf)z + (3 + A cos ef)ZJ %
Va
- . T, %- + E. 3
i v% Vi i (3)

Write §, = O with subscript f understood. The equation (3)
represents a conical wa&e front where Vé 7 V1. This equation as
it stands cannot be used to make a least squares fit to the data as
it is non=lenear in terms of two of the unknowns. An iteration
method has thus been used, successively correcting suggested values.
Approximations aré used which are acceptable as this is an iteration
method. The first one is acceptable as it is an approximation to a

small term in equation (3).

s (A LyE oz A
i — - —
V% - V§ = V1 L v2
6 a
. 5 1_"%_"?_"1

<}
-
o
NS
®
<
PR
—
<
® o
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so we can rewrite

-1
to-tigJ_,EiJrA(vaaf Q;va)

3 5
-5 (-0 2= g 6
Vyoo2(V, + Q) 8(v, 4 ) 18(v, 4+ Q)

i Qa ' %"; i [(xi + Asin (B +0 )) e (yi ‘A °°s(9*§>ﬂ)2l%

(4)

Where Va and 6 gre suggested values and %Va and.% 6 are correc.ztions.

Taking the contents of the square bracket. ‘
l:-] x?1+2xiA sin~(e+89)+Azsin2 (9 +‘69)+y§
2 A v; 005 (B +50) + A% cos® () +5B)
x% + y‘% +A2 + 2\ (x; sin (4 +%6) +y; cos (6 +69))
putting sin %9: %Gé.nd cos% 6: 1
sin (9 +69)’,§’/ sine + 890036
cos (B +69)Q/J cos 9 +%Qsine

+

[ ] =242 40242 A0 sinfs y, cosp) + Rqfhx;cosfv, sinh)
putting
r;=x 435 +A%+ 2 A (x; sin ) + y; cosf))
and
s; = 2A(x; cosf) -y, sinD)
we have
l: ]w‘[ri"hsi%e] |
o[ P [‘*—iiﬂ_ (5)

Now maximum s; is less than minimum ry and %e is normally

small, so

i3] <
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and equation (5) may be expanded. In the program § f has in fact

been limited to + 0.2 radians. We may also expand in equation (4)

Va+6Va 1 %"'1'— —=

A

a .
: S, v 2
. 1 s 1569 Aé a riSVa
e o b=t B E +V A-ri -2ri - Va+ Va.
discarded
+ SVa. %9 term
-2
_ﬁ 1...‘]‘:1Z 1+%Va. —_vi_ 1+6Va. -4
V,‘ 2v? Va SVi Va
' -6
6 .
- V1 1+ ':Dva. p
16v° v, (6)
a
-n
And putting [ 1 +%Va o 1 - n$va
v V
a a

Where n = 2, 4, 6 in equation (6) we get

+ L
-t dEi++(A~r§) - 580.%7, (A-ri

pey
-
a 2Va r] Vi
2 4
ez (1= [1-22% -V (12490
Yy 2v? Va 8V4 Va
: a a
6
- V1 (1 -6 6Va,
167 Va B )

rearranging equation (7) we get
B, =P, +uy ‘5e+wi JV, + t, where i =1, 2, «coeyn (g
and the coefficients are as follows
< 6
Z.
P, - - E P (A-ri)-v-l- R
a 1 ave  gvd  qev

a 1 a
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ARy . A- o 3 5
w,o=_1 (A~r§)+zi(v1 + V1 43N
v2 v o2v) 8!
a a a a

and the normal equations are given by

PR PEIRION:

—B(fje) ] .?J(;Va) ] 'b(t:) B
(z wl) b, +Z_;wi p; +(zl: uy wl>59 + Zl wf DV, =0
nto+§pl+ gai)ge+(2wi)6va=o

Note that t, is the actual time at the reference point (0, O, O) while

3 ea.ndgva are corrections to a suggested value.

Program " CLOSE " uses these equations and repeats the calculations
until © f <0.005 radians and XV, £ 0.002 kn/s.$O has been
\' limited to + 0.2 radians and% Va. limited to 0.5 km/s. in any one
pass to make the process stable when the first suggestions are a
long way from the truth, With this restriction the process has
proved stable and converges rapidly. It works even if the suggested
. é,ngle is 180o wrong (an error that occurs when the azimuth is

suggested instead of the propagation vector).

" CLOSE " can be made to work without altitude corrections by putting
all z; = O and it will treat the arrival as a plane wave if A is

made large compared with the dimensions of the array. In the case
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of EKA it is quite sufficient to put A = 500 km. If A is made

unnecessarily large the program will be evaluating small differences
between large quantities and accuracy will suffer. In the case of
an unknown source an approximate value foz~‘£L should be obtained

from the P-3 time interval.
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K'.AL IT. (23) Vi*: (Cj ) iJO (,33)

R.mL X (23)VvY(WJ>) *Z1£-5931( 4>' '1v2.>) .52(23)

PLAL PTO?

JIMLOP i* TITLL (;>u)

[iIiTLGFP 1:.1$31(23) i3U.r .<1i (23 $h)
1 1ILGLR OF NT

PFAL T(23)

DIM11JSI Qii 1l (23) »TCAL C (23)

JPITE (381)

P K

FORMAT (1H *CLoSc. bhOCK AkP/O' HriuciLsbiHO/ /)

ALAD (2v2) (( II(1fJ)vI-1)wj 9Aii) »Y (1)yZ(I)

FORMAT(AAIv 3F 7-4)
RLAO (3¥211) NUHLx
FORMAT (13)
RTOR=57.205 77Mb13
4R1TF  (3.-0

FOPMAT (] ri ?22X.5P1TfvbX *1A!I RIAs *Y*$§vX$?Z'/ )

M) 1~157]

2-0 T2 (3.3) (PIT(19J) *J=i 9-0 *ati),Y (1) 9Z (i)

fJF'MAT(IM ¥20A?A 1vjr 10A)

C'JVF 1ii'Jr.
UO 33 ‘iiilJ—i 9
PFAO (2.13) 11 I'LL

FOPMAi (30A1)

| Tt. (3.121) [1TLL.
FUrlriAr (1ri VIOA!bOA1-,///)
DO 3 1=1y23

T(J)=0r
ST(1)=0
CONT I FiUh

PLAO (2vJ)NN.SUbr vSCAH
FORMAT (12. 14.F7.1)

WRITL (3v14)

FOP- IAT (22X. *P1T*,0X * *TI Ml ' /')
DO 3 02=1.23"

1F (Nu~12)3.0. 9

READ (2$vl) 1iT(l)
FUK:I/\TCI2*F5.4)

ST (1) =1

CONTI NUir.

DO 10 1=1.23

IF (ST (1) HO .1jill
T(l) =(T(J)-SNcFO/SCATr

VIPITL (3, 1S) (PIT (i *J) $J=3 .4) ,*r(i)
FORMAT (1M $20 X$4 Al $r 10-3)
CONTIhUT-

A TADLF OF PIT Till.L AMD X$Y$X COO0 u IijA1LS «

TN

on2 (23) «

*1=1.23)

4, 1)

A ITAHLF. OF APRiV*L (*"L3 ji 1nti r'1T3 TGO bL USID
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PPAO (2$16) Vf.LA, TMIT 4 $DILTASV
POb*'AT (P3f]$F «0«ro0.0 rj,1)

700 WRITt (3$1¢) V 11 $SiRrL.TA?DIL f4
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FOHriA | (1M .1 0X«VF 1<ST LbT ii'iAlIS akl &/LLOCI IY - 1?2rj* J2 LOb/StiC:1$
1 *11<0PA(jil j 103 Vi.CT o~ —1%r4-0v‘DtGKLLby IMILI Dr.LT/ - ‘ »f6*2.
2kKf:S“///)
I’'r<1Tel (3 v172)ViLl
FORMAT (1rl *5A«1SUKP ACI LaYLk +VILOC i 1Y =*_.f-3+1. 1XmS/ScIC */ )
DHITL (3.12)
FOKMAT OH , 1<4 XV +TmLTA ‘ o MX$»UTnE | * . 0A*{VILa *shX.+0OVLL1$6X$ «1CP /)
TmITA=T?>FIA / si TDO
0J; 2 1=1v23
IF(ST (1) )23y23 $26
R] (1)=X(1)*X (1) +Y(1)3*Y (1 ) +ULLT A**2+2*0LLT A* (X (1 )*SiN(TMLTA)+Y (1)*C
03(THcTA))
31(1) =2 i)LL TA* (X(1)*COS ()3c IA)-Y (i )W IN(7nt TA))
P2 (I)=7.(D M 1-vLLi a-vLLI/ (2* VtLA*VILa )-Vr.LI **4/ (d'OtLAAA )-VtLi** of
(16*Vr.LA**6) )/ V2L 1
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V. (1)=(DLL"'/ -bOKI (hi (1)))/VLLA**2+S2 (1>
CON7 10 OF
A=0 -
8=0

-

-

O
I

™ O
In
© ° oo oo

TeT

DO 31 1=1.23

IF(ST(I))31 .31y32

A=A+"J(l) *P (I)

6=17+U (1 )*0(1)

C=C+U(I1)*2 (1)

D=D+W(I)'wJ (1)

E=r>P(7.)

P=P+\(i)*.i(I)

0=6to0 (1)

ti=h+ (1)

COOT I MOL

A4d=(U*2—A C)* (6 "0-00*0 )- (L*C5-A*0) * (u*C-M*0)
Ab=(C*C~t*0) (0*0-00%0)- ('0*C-M*G)**2
DVr_L=A4/ AS

TAQO= ((3 :>A*s )- (C*6-n*t*)*DVtL)/ (b*6-01i"38)
DTHo T=~ (A+C*DVLL +6 *TCP)/ B

IF (DVLL i*VEL-3*2S)04 »34 ?331

1F (OVLL )332 $332 $333

D7FL - .0 .5
GO TO 33
ovbL =0.8S

10 (OTPSTVEIML | —0+'J4 )344 9344 $34 1
" (iIATFL{)3 2534, .3-t3

OTMF.T=-0 .2

GO TO 3-4

0T>FT=C.2

TMLTA=TMLTA+Q1 ~itT
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vie 1.4= Vi- LA+ 1'Vr..l.

VRRIit. (3.35) Tip. la»uyirilll yV6.LA?DVIL $1CP
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IF (Trib.TU)9? 1v424 422
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LOUaT 101J5r Or< TridS) ~ ht NCE >t STDUALS AFL) Al
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Et (1)=TCALC(1)-T (i)
SCAR=SCAR+L t (1 )*tL (1)
uQ.j i 11iUr.

VAR=SCAR/(00-1)

T(23)=TCP
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DO 63 1=19 23

WRITE (3.62) (PIT(1.J) 9Jd=1.4) $§TCalC(1) *EI (1)
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COOT | CUE

WP1Tt (39cA) SCAP
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CONTINUE

S-TOP

END
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SECONDS

PERIOD (SECONDS)

Appendix (Tr Dispersed Rayleigh waves recorded at EKA from a Midland Valley source
(natural event) and its dispersion curve as calculated through the

program referred to in Chapter I, see Burton & Blarney (1972)
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