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ABSTRACT

In November 1979, the Department of Geological Sciences,
University of Durham. in conjunction with the Department of Geology.
University of Glasgow. carried out a marine seismic refraction survay
between Barra in the Outer Hebrides and Girvan on the Ayrshire coast. In
August/September 1981, a shorter profile. between Mull and Kintyre, was
undertaken. Temporary recording stations were set up on land and explosives
and airguns used as sources at sea. In addition. data Qvere obtained from
the permanent recording networks in Scotland. The application of digital
filtering techniques to the airgun lines Is presented and reviewed. ‘l"he
explosive shot data were interpreted using time—term analysis, the plus—
minus method and ray-tracing. Gravity and magnetic studies were used as a
control on the Interpretation.

The depth to the basin has been examined. Iindicating
sedimentary cover of between 1 and 3 km along thé line. The variation In
basement velocity has been determined. A velocity model for the upper crust
has been developed indicating large lateral changes. A steep gradient is
thought to exist between Coionsay and Jura and a more gentle gradient
beneath Muil. There does not seem to be evidence for a mid-crustal
refractor with a sharp velocity transition across the boundary. Large
changes in Pn time-terms across the Minch and Inner Hebrides basin are
thought to be l|argely due to the varying velocity structure of the
basement.

The basin formation
and deformation of the lower crust are thought to involve movement within

the mantile.
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CHAPTER 1

INTRODUCTION AND GEOLOGY OF THE REGION

1.1 The Western Isles Seismic Experiment.

in November 1979 and August/September 1981 seismic
refraction surveys were carried out in the region of the Western Isles of
Scotiand. The area and line of survey is shown in Fig. 1.1. The first phase
of the Western Isles Seismic Experiment (WISE) Invoived shootlng at sea
into recording stations on land situated on the Islands and peninsuias
between Glfvan on the Ayrshire coast and Barra in the Outer Hebrides. For
the second phase of the experiment statlons were only situated on the
section of the line between Muli and Kintyre. The aim of the experiment was
to map the surface of the Lewisian basement and define the major north-
easterly trending structural blocks of the area. and also to determine the
velocity structure of the Lewisian. They are considered important In the
development of the Mesozolc sedimentary basins of the region.

The line of the profile crossed all the major sedimentary
basins. the Sea of the Hebrides Basin. Inner Hebrides Basin, islay Basin
and Arran Basin and also the major faults, Minch Fault, Camasunary-
Skerryvore Fauit, Great Glen Fault and the Highland Boundary Fauit.
Knowiedge of the changes in basement structure and sedimentary sequences
across the fauits would provide Important Information on the tectonic
deveiopment of the area.

An airgun source with a shot separation between two and
three hundred metres was used for wupper crustal studies, the close
separation enabling examination of lateral changes in structure by tracing

phases across records. Explosive shots were used for studies of the desper
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crustal structure., primarily of the middie crust but also to provide
estimates of depth and structure to the Moho. Comparisons were to be made
between the crustal structure of the Hebridean Shelf determined from WISE
and those of previous experiments In surrounding areas such as NASP, LISPB
and HMSP. and the results of the study integrated with previous gravity and
magnetic  Iinvestigations to provide a coordinated analysis of the

geophysical data.

1.2 General Geological Regime.

The geology of the sheif area can be divided Into two
distinct regions of differing structure separated by the Moine Thrust belt.
To the east lies a series of metamorphosed and folded Precambrian and
Palaeozolc rocks that were deformed during the Caledonian QOrogeny whereas:
in the region west of the zone the rocks of the same age formed a stable
reglon during Caledonian times and retain avidence of earlier tectonic
events. The Moine Thrust zone itself Is a series of south—eastwardly
dipping thrusts, the major thrust being traced from the west coast of
Scotland to the west of the Shetlands (Watts. 1971). In post Caledonian
times, the region acted as a single tectonic unit with widespread Mesozoic
basin and graben formation along previous lines of weakness that were
reactivated probably by the tensional regime responsibie for the opening of
the Atlantic.

The different phases of tectonic activity have resuited in
large variation Iin structure and rock type. To the north, at Barra and
stretching to the Moine Thrust, the basement Is of Lewislan rocks overiain
by Mesozoic and older sediments in half grabens. To the south, the basement

iIs overlain by Dalradlan metasediments. while south of Kintyre another




complex sedimentary basin occupies the Firth of Clyde.

1.3 Basement Structure and Development North-West of the Moine Thrust.

The presently proposed geological structure of this area Iis
given in Fig. 1.2. The outcropping basement of the area Is Lewisian gneiss,
a highly metamorphosed rock type which is one of the oldest rocks exposed
on the eastern side of the Atlantic. Two phases of metamorphism are
generally recognised. separated by phases of upliff., erosion and dyke
injection (Sutton and Watson, 1957 Park, 1970). The two units, known as
Scourian and Laxfordian have respective ages of 2600 myrs and 1600 myrs. A
detailed definition and descripion of the Laxfordian and Scourian and their
formation is given by Watson (1975). Evans (1965) however, has recognised a
third phase. Inverian, occuring between 2200 and 1950 myrs ago. Rocks
outcropping on Tiree, Coll and Iona are generally recognised to be
Laxordian in age (Bowes, 1968)., these being of amphibolite facies. whereas
the Scourian rocks are granulite facies. Westbrook (1972) and Drury (1972),
however, provide structural evidence for the age of the gneiss on Tiree and
Colil and find evidence for both granulite and amphibolite facies
metamorphism. Scourian gneisses are seen on the east coast of the Outer
Hebrides above the Outer Isles Thrust, an overthrust to the west of
probable Caledonian agé. Different periods of deformation are observed on
Barra along with a supra-structure of acid amphibolite gniess within an
Iinfra structure of orthopyroxene bearing gneiss (Francis, 1973).

Comparisons have been made between the Lewisian of the
islands with that of the Scottish mainland In attempts to distinguish
movements along the major faults. Dearnley (1962) suggests there are

similarities between the two with three zones evident, and that there are a
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large number of faults present in the Minch with associated sinistrai
movement. This would then explain why the boundary lines btween the three
zones do not line up when they are projected NW or SE. On the mainiand In
Sutherland. Bott et al. (1972) have suggested that the Ben Stack Line
defines the boundary between the two distinct metamorphic assemblages. a
tact previously suggested by Peach et al. (1907).

The two facies types have different geophysical properties.
the Scourian having higher density and velocity. Smith and Bott (1975)
suggest from gravity and seismic studies. that in the North Scottish shelf
area a two layered crust exists, which represents the change of facies type
with Scourian representing the lower crustal rocks. Jones (1981) has shown
that the two different rock types have markedly different velocities and
densities west of the Outer Hebrides. those of the Scourian being
appreclably higher. The velocity of the Lewisian on the mainiand has also

and laterally
been shown to vary with depth,(Halil. 1978a).

Resting on the Lewisian are Torridonian sediments, which may
be of the order of 2-3 km thick in some areas. upon a basement surface
showing considerabie relief. Two groups are recognised (Stewart., 1966:
Moorbath, 1969: Stewart and Iirving, 1974). The lower, the Stoer group. a
red sandstone conglomerate and shale series dated at 980 myrs old. and
above this, a similar facies aged 750 myrs, comprising the main Torridonlan
Group. Above these. there may be lower Paiaeozoic rocks. However, these are
difficult to define in the offshore regions by geophysical methods,

although their presence Is inferred from a study of onshore sections.




1.4 Basement Structure and Development South-East of the Malne Thrust.

East of the suggested path of the Moine thrust between Mull
and iona lies the Ross of Mull granite and to the east and south, Moine
schists. The composition of the granite and Moinian rocks s given by
Richey et al. (1961). On Colonsay, there is thought to be up to 4 km of
Torridonian rocks with Lewisian confined to a iimited area at the northern
tip of the lIsiand (Stewart, 1962). To the south-east the Lewisian basement
is overlain by Dalradian and Moinian metasediments. the former outcropping
on isiay. The Loch Skerrols Thrust has carried the lIslay anticline over the
Bowmore sandstones of Torridonian age. Gravity studies by Durrance (1976)
and gravity and magnetic studies by Westbrook and Borradalle (1978). have
improved structural sections to provide evidence of faulting associated
with the Great Glen Fault In the area. and determined the shape of the
Lewisian/Dairadian interface. The Moinian, Dalradlan and lower Palaeozoics
were deformed and metamorphosed during the Caledonian orogeny. The orogeny
is thought to have lasted approximately 150 myrs, interpreted as being the
time of collision between the North American-Greeniand continent and the
Britain-Baitic continent (Dewey and Pankhurst., 1970). After the main
metamorphic episode there was a phase of granitic Intrusion and it was
during this period that the development of the Moine Thrusts, overthrusting
to the west, occured.

in the Firth of Clyde, Dalradian rocks form the basement
with pre-Dalradian basement rocks present Ilocally under the upper
Palaeozoic succession of the Midland Valley Graben. In addition, pyroxene
granuiites are probably ailso present at shallow depth in the northern Sound
of Jura. Palaeozoic rocks rest on the Dairadian series but it is difficuit

to distinguish between the two geophysically (McLean and Deegan, 1978).




1.5 Sedimgntary Basins of the Sea of the Hebrides.

The considerable amount of relief on the basement in the
area is associated with the development of sedimentary basins in which
thick Mesozoic and earller sediments accumulated. The basins are generally
fault controlled on their north-west margin, with the sediments dipping
north-westerly and forming north—easterly trending half grabens. Structural
highs in the basement are found at most of the islands, where Lewisian
basement outcrops. To the south of the Moine Thrust zone, the Dalradian
metasediments forming the basement, crop out. The development of the basins
Is thought to be the result of the tensional regime that existed prior to
the opening of the Atlantic., which reactivated previous lines of weakness.

After the Caledonian orogeny. northern Britain was at the
centre of a large continental mass situated in mountainous areas. resulting
in the accumuiation of Old Red Sandstone and conglomerates in Inter-montane
basins. Similar conditions persisted up untdl the Permian, when a broad
tensional regime resuited In the deposition of fluviatile deposits in the
fault bounded basins. By Mesozoic times. the large basins had developed
over much of western Britain and particularly on the shallow shelf off

Western Scotland.

1.5.1 The Sea of the Hebrides Basin (South Minch Basin)

The basin is controlled on its western margin by the Minch
Fault which throws down Mesozolc sediments to the east against amphibolite
and granulite facles Lewisian gneiss. The northern margin is a structural
high of Torridonian rocks which separates the basin from the North Minch
basin and the boundary to the south-—east is the structural high to the west
of the Camasur_\ary-Skerryvore fauit. The basin has a synclinal structure,

defined North-West of Tiree and Coil by a basal reflector which has been




interpreted as the top of the Torridonian (Binns et al.., 1975). There is no

absolute evidence, however., that the reflector is of this age and may be
lower Palaeozoic. perhaps as young as Carboniferous. The maximum thickness
of sediments has been quoted by Binns gt__ai (1975) as being of the order
of 2.5 km. They also suggest that the possibility of large amounts of
Tertiary sediments being present is eliminated by the capping of Eocene
lavas and the presence of Mesozoic rocks in cores. It has been suggested
that either a substantial thickness of Permo-Triassic exists with up to 2.5
km of New Red Sandstone around northern Skye (Smythe et al.. 1972), or that
Devonian and Carboniferous sediments lle above the basal reflector. The
existence of some Carboniferous is supported by the the presance of
erratics in the Outer Hebrides (Jehu & Craig. 1925). The presence of
Jurassic and Cretaceous sediments is unlikely from the lack of varlation in
the thin sequences of the onshore sediments, aithough Whitbread (1975)
states that on Skye and Raasay Jurassic sediments total 1000m.

Smythe and Kenoity (1975), however, have suggested. from
seilsmic velocities obtained in the Sea of the Hebrides, the presence of a
significant thickness of Tertiary sediments. They propose the ending of
igheous activity throughout the Eocene. followed by erosion. downwarping
and deposition in the Ollgocene. This is supported by cores obtained north—
west of Canna which contained sediments of Oligocene age (Evans et al.
19795).

The southern margin of the basin Is poorly understood and
although the convergence of the Minch and Camasunary faulis explain to some
extent the narrowing of the Dbasin, north-westerly faulting and the

intersection of the Minch Fault with the south—easterly |imb of the

syncline are proposed as the maln cause of the wedging out of the Mesozoic




outcrop (Binns _gt al.. 1975). Palaeozoic and Permo-Triassic sediments can
however bDe traced ic the east of the 3Stanton banks.

The North Minch basin lles to the north of the Torridonian
structural high. bounded once again on the west Dy the Minch Fauit and to
the east Dy the outcrop of Precambrian rocks on the mainiand. The suggested
maximum fili of the basin is 4.0 km with up to 0.7 km of Middle Jurassic
sediments underlying the Quaternary (Binns et al.. 1975. With a lack of
hard evidence, the basin fili is thought from reflection sections to have a
lowermost layer of Permo-Triassic and upper sediments of possibly

Cretaceous or Tertiary age.

1.5.2 The inner Hebrides Basin.

This basin is narrower than the Sea of the Hebrides Basin
but Is similar in Its structural trend. It aiso has a strong asymetric
attitude. its sediments dipping to the north-west where they are bounded by
the Camasunary-Skerryvore Fault which can be traced down from Skye. The
basin extends from Skye to south of Blackstones Bank and is floored by
Palaeozoic sediments upon which rest a wedge of Mesozoic rocks varying in
thickness and width. The onshore sections of the basin show Permo-Triassic
continental red beds up to 90m thick passing conformably into Jurassic

sediments (Binns et al.., 1975). On Skye. Jurassic sediments are seen to be

thrown down at least 650m to the east against the Precambrian. The deeper
structure of the basin Is unknown because of overlying Tertlary lavas
(McQuillin & Binns, 1975).

Recent studies ,have suggested alluvial fan and floodplain
environments for the Permo-Triassic sediments (Bruck et alL 1967: Steel.

1971: Steel. 1974), the direction suggesting contemporaneous movement on




the Camasunary Fault.

1.5.3 Small Basins in the Region of the Great Glen Fauit.

A smalil Mesozoic basin lies to the north of Colonsay in the
area of the Great Glen Fault and Iits splays. South of the fauit, the
basement plunges beneath a thick layer of Quaternary sediments. reappearing
as the Torridonian of Colonsay. The east coast of Colonsay Iis aiso fauit
controlled. with possibly a splay from the Great Glen responsible for
downfaulting Permo-Triassic sandstones. No complémiwtary fault is found to
the west coast of Jura. An unconformity of sandstone on Dairadian
metamorphosed rocks is seen at the entrance to the Firth of Lorne. Rast et
al. (1968) have suggested that approximately 2 km of New Red Sandstone lle
west of the fault on southeastern Mull.

1.5.4 Structurali Development of the Basins of the Sea of the Hebrides
and History of Fauit Movement.

The geology is controlled by the three major fauits, Minch
Fault, Camasunary-Skerryvore Fauit and Great Glen Fauilt., bounding the
basins and having origins that pre—-date the basin structures themseives.
They have however, been reactivated and syndepositional movements along
them has Influenced the process of sedimentation. Onshore sections show the
presence of Devonian and Carboniferous sediments In the bottom of the
basins (Stephenson, 1972: Lee & Bailey, 1925.; Jehu & Craig, 1925), but the
extent to which the movements along the faults controlled accumulation Is
uncertain. The variation in thickness of New Red Sandstone, however. can be
oxplained by the Iinfluence of fauit movement. A major phase of faulting and
uplift Iin the late Jurassic and early Cretaceous Is thought to be
responsible for the present configuration of the basin structures (Binns et

al., 1975).




The nature of the movement along each of the faults is still
a matter of contention, with evidence proposed for both transcurrent and
vertical movement. The faults are thought to have been Initlated as
Caledonian structures which responded to Hercynian stresses and developed
into major north-easterly trending wrench fauits. Finally, they reacted to
Mesozoic and Tertlary tension with large vertical movements (Smythe ce_g__al_.,
1972). Dearnley. (1962) also proposed such a situation for the Minch fault
and Whitbread (1975) has suggested it might have been a wrench fauit in the
pre-Mesozoic but has been predominately vertical from the Permian. Bott and
Watts (1970) propose vertical movement in the reglon north of Scotland near
the Shetlands. downthrown to the south-east. thus explaining the
development of thick sedimentary piles in the basins. Aithough Steel (1971)
originally thought that the vertical movement in the reglon of Lewis was a
downthrow to the north—-west Iin order to. explain the thickness of the
Stornaway Beds. he later stated this to be Incorrect and it was more likely
to be an area of complex fauiting (Steel & Wilson, 1875). it has been
suggested (Pitcher, 1969: Whitbread. 1975) that the Minch fault s
primarlly a wrench fauit with a significant amount of verticai movement
associated with it. Extensive erosion is thought to have occured at several
periods of its evolution. with Mesozolc rocks more widespread originaily.

The  history of the Great Glen Fault has undergone
considerable examination in regard to Its movement and path from the
Scottish mainland to the offshore regions. Kennedy (1946), proposed
sinistral movement of 65 km along the fauit. based on evidence from the
Strontian and Foyers granites which he thought to be the same Dbody
originally. and aiso from the displacement of metamorphic zones. The major

movement was thought to have occured between lower and middle Old Red
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Sandstone times. Ahmed (1967), however, using magnetic evidence, suggests
that the bodles are different and thus throws doubt on the strike slip
proposais and Shand (1951) states that no evidence of slickensides can be
found In the region. these being characteristic of strike slip faults.
Marston (1967). though, states that the possibility of the granites being
connected should not be excluded on structural and geochemical grounds and
proposes sinistral movement accompanied by a dip slip component
downthrowing to the south-—east.

Dextral movements have also been suggested for the fauit.
Holgate (1963) suggests an eighteen mile dextral shift, shown by the
displacement of dykes. This he dated at 52 myrs, which Is the minimum age
of the dykes. Garson and Plant (1972) propose that all the motion s
dexﬁal with shifts of a much eariler age having occured. Pitcher (1969)
however, cites evidence against Holgate’'s proposals and agrees with Kennedy
in that there was little transcurrent movement after' the Carboniferous.
although he suggests there might be evidence of a powerful dip slip
component from comparison of grades of metamorphism either side of the
tault.

McQuillin and Binns (1975) suggest a downthrow to the east
occured Iin the Late Jurassic and early Cretaceous with upper Cretaceous
sediments overstepping from Middle to Lower Jurassic. Bacon and Chesher
(1974) state that In the Moray Firth, ail Mesozoic movement has been
entirely normal and that no transcurrent movement occured after this time.
There was a finai phase of movement at least post lower Cretaceous.
Although this Is contrary to Holgate’'s hypothesis of Tertiary transcurrent
movement, it does not damage the theories of Garson and Plant (1972).

Westbrook (1973b) disagrees with Garson and Plant, stating that the theory
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on the Minch Fault

of dextral movement,\!s unfounded on the basis of the metasediment type on
Coll and Tiree being no more similar to South Harris as to other localities
In the Outer Hebrides. Storetvedt (1974) aiso suggests that palaeomagnetic
evidence from Scotland and Norway Indicates large scale sinistral movement
of Devonian age. This Is supported by Winchester (1973) who suggests
strongly. from the regional metamorphism pattern of the Moine assemblages,
that the only possible shift was a sinistral displacement of up to 160 km.

The development of the fault system and therefore. the
sedimentary basins Iis thought to have occured by extensive normal faulting
during a pronounced tenslonai phase probably in the Permo-Triass (Dobson
and Evans. 1974). Binns et al. (1975) belleve that the process of formation
may be considered in the context of continental drift in the North Atlantic
(Bullard. 1965) and the reconstruction of the Caledonian-Appalachian
orogenic beit (Dewey. 1969) of which the Hebridean shelf is a part.
Whitbread (1975). however. states that no single system of rifting accounts
for the disposition of basins west of Britain.

Hallam (1972) suggests that the early Mesozoic graben
subsidence relates to the separation of north-west Africa from north
America 180 myrs ago, followed by widespread subsidence prior to the
opening of the Atlantic. He states., however, that the re.latlonshlp between
the major tectonic events In the British area to the opening phases of the
Atlantic proposed by Pitman and Talwani (1972) are only tenuous.
Suggestions are made that the phase of northwesterly fauits and dyke
intrusion mark a change in the regime of NW-SE tension to one of NE-SW oar a
combination of both. Reglonal extension is thought to have commenced in the
Permo—Trias with the major phase occuring during the late Jurassic or

early Cretaceous. possibly coinciding with the opening of the Rockall

12




Trough In the Mesozoic resulting in major block fauiting. The separatloh of
Greenland from northwest Europe in the Tertiary resulted in much igneous
activity and accompanied by NW-SE cross faulting and further block faulting
(McQuiltin and Binns. 1973).

Hall and Smythe (1973) propose that the Rockall Trough was
more relevant to the development of the sedimentary basins than the
formation of the Reykjanes Ridge as suggested by Hallam (1972). They
indicate that the trend of the Tertiary dyke swarm show crustal extension
parallel and not perpendicular to the Ridge. Bott (1975) states that the
basins are related to the formation and development of the continental
margins either side of the Faroe-Shetland channel and the Rockali-Faroe

microcontinent. This is supported by Roberts (1975).

1.6 Basins South—-East of the Moine Thrust Zone.

South-east of the Great Glen fault zone are basins of
considerable thickness resting on a basement of Dalradian metasediments. A
larger basin than that just north of Colonsay runé from the south-east of
islay. south—-westwards toWards Antrim bounded by the Foyle and Tow Valley
Fauits. Further south lles a large basin in the Firth of Clyde of complex
structure and varying sedimentary thickness. These basins may have similar
structural histories to those north of the Moine Thrust zone but differ in
their geology.

Dobson and Evans (1974) have shown that faults form the
margins of the Mesozoic troughs In the Malin Sea which are floored by
downthrown Palaeozoic and Precambrian rocks. They probably developed during
the Permo-Trias by extensive normal faulting during a phase of tensional

stresses. The Firth of Clyde basins are controlled primarily by the
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Highland Boundary Fault and Southern Uplands Fauit. and as such represent

an extension of the Midland Valley graben.

1.6.1 Region Between Colonsay and Kintyre.

This area Is controlied by four fauits, the Great Glen, Loch
Gruniart, Lough Foyle and Tow Valley. The geology is shown in Fig. 1.2. The
fauits downthrow Mesozoic sediments against the Dalradlan metasediments of
istay and Jura. There Is evidence of syndepositionai movement along
marginal faults (Dobson & Evans, 1974).

Considerable amount of uncertainty exists concerning the
nature of the faults, their strike in the submarine areas and the
relationship they have with the Great Glen fault. Of fundamental importance
to the area Is the Loch Gruniart fault which has been proposed as being a
continuation of the Great Glen fauit across Islay (Bailey, 1916). Westbrook
and )Borradalle (1978). however, find no evidence to support this
hypothesis from magnetic studies. because the sharp deflection to the south
that would be required disagrees with the proposals concerning the
continuation of the fault into fault zones in Ireland (Pitcher. 1969).

Balley (1916) first conceived the Loch Gruniart fault to be
a normal fauit although more recently Garson and Plant (1972) considered it
to be a transcurrent fault with large dextral movement assoclated with some
vertical dlsplacement. No evidence has been brought forward in support of
the suggestion that the fauit passes through Loch Gruniart and Loch Indaal
with 105 km sinistral displacement (Bailey. 1960). It now appears likely
that the Loch Gruniart fault and other faults of the area are second order
faults associated with the Great QGlen fault (Durrance. 1976; Westbrook &
Borradalle, 1978). The vertical component of the movement seems to be

displayed by the Mesozoic and Llewislan rocks on either side of the fauit at
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Rhinns, where there is a downthrow of 1 km to the south-east. Offshore, the
line of the fault extends between Islay and Colonsay. reaching at least the
north of Colonsay and very possibly meeting the Great Glen fault (Dobson et
al.. 1979,

The Initiation of the four major faults probably occured In
the late Devonilan although  an earlier  date Is quite possible.
Syndepositional movement along the fauits followed the Permo-Trias with
gentler deposition occuring later in the Mesozoic, most notably during the
Lias and Upper Cretaceous (Dobson and Evans, 1974). In the early Tertiary,
extensive igneous activity began, as in the area further north and
assoclated structural adjustments occured. The Permo-Triassic basins are
thought possibly to be related to the early movementis of the opening of the
Atlantic and the late Cretaceous and Tertlary fauiting and vuicanicity
representing the opening and formation of the Reykjanes Ridge 60 myrs ago

(Dobson et al., 19795).

1.6.2 Geology of the Firth of Clyde Region.

The Firth of Clyde reglon Is the seaward extension of the
Midland 'Valley of Scotland occupying the area between Kintyre and the
Scottish mainland, where it forms a graben strubture with sedimentary
Inflil. Fig. 1.3 gives a summary of the geology of the region. A detalled
map of the area Is presented by MclLean and Deegan., (1978). The area Is
bounded by the Hightand Boundary fauit to the north and the Southern
Uplands fault to the south., creating a downthrown crustal block covered by
upper Palagozoic strata. Correlations aiong the strike of the Highiand
Boundary fault suggest that its direction changes to N38° compared to N57 on

the mainland. but no change is noted in strike of the Southern Uplands
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fault (Anderson. 1947: Friend & MacDonald., 1968). This results in a
narrowing of the graben from 80 km on the mainiand to 50 km in the Ciyde.
The graben Itself is floo‘red by Dairadian low grade metamorphic rocks. In
some places there may be pre—Dalradian basement rocks locally present
beneath the upper Paiaeozoic succession of the Midland Valley graben with
Lewisian pyroxene granulites present at shallow depth in the northern sound
of Jura (MclLean & Deegan. 1978).

Resting upon the Dairadian basement are lower and upper Oid
Red Sandstone deposits. the upper everywhere unconformable with the lower
due to the lack of middle Old Red Sandstone. The unconformity is shown to
be greater towards the margin of the graben. Thick lavas are found within
the lower Old Red Sandstone but few igneous rocks are known to exist in the
upper succession. During Old Red Sandstone times, there was considerable
tectonic activity with movement along several of the major north-east
trending faults, accompanied by widespread erosion. A decrease in thickness
Is noted along the northern margin on going towards thé south-west (Friend
& MacDonald, 1968) and large 'local variations In the upper OIld Red
Sandstone are seen where it spreads across eroded structures in the lower
Old Red Sandstone and across the Highland Boundary fauit. (Richey et al..
1930) have proposed that the lower Old Red Sandstone may be thinner near the
central axis of the Midiland Valley. quoting thicknesses of 1800m at Arran
and Loch Lomond and 1200m on Kintyre. in addition, McLean and Deegan (1978)
have suggested that if Dalradian rocks between Arran and Kintyre are
unfauited. 1800m exist south of the presumed extension of the Highiand
Boundary fault with only 40m to the north.

Resting on the Devonian sequence Iis a succession of

Carboniferous rocks of varying thickness., the most notable variations being
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where the lower Carboniferous straddies the north—easterly trending fauits.
The changes are related to contemporaneous movement along the faults
resulting In differential subsidence. Significant thicknesses may Dbe
preserved locally but in general the Carboniferous sequence is attenuated
or absent towards the south-west. mainly due to breaks In sedimentation and
lateral changes. combined with westerly overstep of New Red Sandstone
(McClean & Deegan, 1978). Hall(1978b) has suggested, from seismic
refraction studies, a thickness of about 1.1 km overlying the Clyde Plateau
lavas in the north-east Arran trough. Across the Highland Boundary. fault
the Carboniferous., and in some regions, Old Red Sandstone. oversteps onto
the Dalradian schists. The late Carboniferous was marked by the Iintrusion
of thick dolerite silis and east-west dykes In Ayrshire and Arran, a
pattern thought to be repeated offshore.

New Red Sandstone crops out over most of Arran and has a
south-westerly dip towards the North Channel covering most of the piateau
areas of the Firth of Clyde. In the eastern haif it oversteps the upper
Palaeozoic strata to rest on the lower Palaeozoic. - The greatest thickness
is preserved in the south-~west Arran trough with possibly up to 1.0 km on
the downthrown side of the Plateau fault.

Gunn (1903) inferred a stratigraphy for the Clyde by
comparing the Rhaetic., Lower Llassic and Cretaceous strata of Northern
ireland with fragments found Iin the central complex of Arran. Mclean &
Deegan (1978) propose that chalk would rest unconformably on Lower Lias,
consistent with the samples found in the Central Complex. Lower Lias
sediments are found but there is no evidence of Upper Jurassic and lower
Cretaceous oexisting in Ireland. Their existence can therefore only be

postulated upon. There Is evidence of upper Cretaceous deposition and it is
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possible that the chalk extended at least as far as Arran and Mull.

Although layered rocks of Tertiary age crop out to the west,
there is no evidence of these plateau basalts being preserved from erosion
in the Firth of Clyde. There are also no sediments of Tertlary age found In
the area. Intrusive Tertlary rocks are widespread. with dykes of the Mull
swarm cutting rocks near the Upper Firth along with dykes of the Arran
centre seen along the Ayrshire coast and Kintyre. it Is inferred from this
that many dykes probably outcrop in the sea areas and are particularly
abundant in the upper Firth south—-west of Arran.

The southerly course of the Highland Boundary fauit defining
the basin appears at first to suggest that this area Is structurally
anomalous with respect to surrounding parts. Here the faults follow the
uniform NE-SW paths distinctive of Caledonian structures. However, gravity
and magnetics Indicate that the Highiland Boundary Fault is broken Into
distinct segments Dby sinistral faults causing it to step to the south,
resulting In the Individual trends being similar in trend to that of the
main faults in Scotland. Considering such circumstances. George (1960)
suggests that a miscorrelation between the major fauits is more likely than
a southerly trend for the Highland Boundary Fault. In another respect
however, the Firth of Clyde is an anomalous region as it has Important
structures trending north-south modifying the graben. the line of Tertiary
Igneous centres being of this form, whereas all other dominant features In

the area trend NE-SW.
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CHAPTER 2

DATA ACQUISITION

2.1 Introduction.

The data for WISE were collected on two cruises, the first
in November 1979 and the second In late August/early September 1981. On
both occasions. recording stations were positioned on land and explosives
and airguns were used as sources at sea. The recording stations were set up
on the islands and peninsulas between Barra and Girvan for the first phase
of the experiment and on those between Mull and Kintyre for the second
phase. In addition. records were obtained from the permanent LOWNET array
set up by L.G.S. and from the Eskdalemuir array of the U.K.A.E.A..

The continuous airgun profile was intended to provide
details over the entire line of the upper sedimentary cover and lateral
changes In velocity of the Lewisian basement. The furthest range that the
airguns were expected to reach was the distance between two consecutive
stations, this generally .belng between 20 and 30 km. The explosive shots
were required to provide Iinformation on the deeper crustal structure,
mainly that of the middle crust but also some estimate of the depth to the
Moho. It was also hoped that phases other than first arrivals, such as
wide-angle reflections and S-waves woﬁld provide valuable information on
properties of the rocks, such as Poisson’s ratio and sedimentary
velocities.

The layout of explosive shots was designed to give optimum
coverage and penetration along the line and therefore., charge sizes were
varied accordingly (Sections 2.2 & 2.3). The recording stations were manned

by research students and staff from Durham and Glasgow Universities. The
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work at sea was carried out by personnel from Durham and R.V.S. Barry,
South Glamorgan under the supervision of Dr. G.K. Westbrook using R.R.S.

John Murray in 1979 and M.T. Farnella in 1981.

2.2 WISE Phase 1.

This phase of the experiment was completed between 12th and
27th of November 1979. Initially it was the only period of fleldwork
planned for the experiment, but because of poor data quality in the central
saction of the tine, another period of data acquisition was undertaken
(Section 2.3). It was this first phase of the experiment though. that
provided the majority of the data that was used for the study.

Most of the stations operated with three orthogonal
component_ seismometer sets, the horizontal seismometers placed paratlel and
perpendicutar to the line. This was to enabie all components of ground
motion to be measured. The seismometer and recorder sets used were of two
types. Either Wililmore Mk.3 seismometers operating with a Geostore recorder
on loan from the N.E.R.C. equipment pool at |.G.S. Edinburgh. or Wilimore
Mk.2 seismometers operating with the Mk.3 Seismic Recorder developed at
Durham by R.E. Long. Some outstations at Jura and Girvan operated with
vertical seismometers only and the data were transmitted to the main
recording station by radio telemetry links, where they were recorded on a
Geostore. A three component set at lona was recorded at Muill by the same
method. This enabled the siting of stations In areas where a recorder could
not be placed due to the lack of suitabie cover. A map of the area of study
indicating site locations and recorder type is given In Fig. 2.1. All tapes
from each of the recording sites are accompanied by a set of log sheets
giving detalls about the site, such as rock type, gain changes and

breakdowns.

20




WESTERN ISLES SEISMIC EXPERMENT -1 ..
T T x\% T I T T T T& <r)l V / 1 1 T T T T T T ‘f.
e
SN ewmﬁ{&"e T .- @ m\\,,&
.
W 4w
= AIRGUN PROFILE B8 SEISMOMETER WiTH RECORDER (GEOSTORE)
O 125Kg EXPLOSIVE SROT @ SEISMOMETER STATION WiTH RECORDER (DURHAM)
o 825Ky EXPLOSIVE SHOT O SESMOMETER STATION WITH TELEMETRY LINK
¢ 375Ky EXPLOSIVE SHCT
+ GEOFLEX SHOT
Fig.2.1: Station locations, shot locations and line of airgun
profilte for phase one of WISE. The type of recorder
used at each station and size of shot charge are

shown,




Twenty-three explosive shots were fired during this phase of
the experiment, their locations and charge size also shown Iin Fig. 2.1,
Full details of the explosive shots, Including size, detonation time and
depth of water are provided in Table 2.1. The airgun source had a capacity
of 1000 cu.in., firing once every three minutes, providing a shot
separation of approximately three hundred metres. The dates of each leg of
the airgun profile along the line are given in Table 2.2. As some sections
of the line were notably longer than others, for example that between Tiree
and Barra., they were not expected to be reversed Dby using just the
recording stations at both ends. in these cases it had been planned to use
a moored sonobouy to provide the extra coverage required. However, the very
poor performance of the sonobouy transmitter when the buoy was in the water
meant that it could not be used. As a consequence of this, the short lines
that were to be shot along the strike of the major structures also had to

be canceilled.

2.3 WISE Phase 2.

With the availabillty of ship time at the start of a seismic
reflection cruise, it was decided that the section of the line between Mull
and Kintyre should be re-shot as the data obtained from this area during
the first phase were poor because of wind noise at many of the stations.
The degree of noise depended on the station, but was particularly
noticeable at stations between Tiree and Colonsay. This second phase of the
experiment had a very much reduced shot/station coverage. Two different
types of recording equipment were used. Mull, lona and Colonsay operated
with Wilimore Mk.3 seismometers and Durham Mk.3 recorders, and the station

at North Jura used Wilimore MK.2 seismometers with this recorder type. On
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Table 2.1

WESTERN ISLES SEISMIC EXPERIMENT

Positions and times of detonation of large explosive shots

No Weight Latif':ude Longitude ‘g:;z; Date . zll?g 1s
1 125 XKg 55°10.0° 04%58.4" 20.lm 12.11.79 1532 05.79
2 125 55°18.1*  05%0s.0" 46.6 m . 12.11.79 1332 20.33
3 125 55°26.45' 05°18.1" 18.3m 12.11.79 1132 ol.39
4 125 55°34.08' 05%27.25' 38.4m 12.11.79 0939 40.57
5  87.5 55%42.54" 05°38.21' 11.9m 13.11.79 - 0818 12.40 |
6  87.5 55°46.05' 05°43.79* 73.2m  13.11.79 0911 29.47
7 87.5 . 55%7.04' 05%50.75' 18l.1 wm 18.11.79 1142 48.86
8  87.5 55°51.84* 05°53.54* 31.1m 18.11.79 1047 10.14
9 37.5 55°57.5*  06°00.00' 21.0m 13.11.79 1316 47.90
10 37.5 - 56%0.0'  06%3.5" 17.4m 13.11.79 1346 55.62
11° -37.5 56°02.9°  06%7.9'  36.6m 13.11.79 1416 35.19
12 37.5 56°06.9" 06°11.7" 30.2m  13.11.79 1531 40.83
13 37.5 56°09.6'  06°14.95' 8l.4m 13,11.79 161l 49.85
14 37.5 56°12.5'  06°16.35' 73.2m 13.11,79 1641 51.46
15 125 56°15.7' 06°18.5' 29.3m 19.11.79 0948 51.02
16  87.5 56°19.2'  06%27.7'  25.6m 19.11.79 1117 08.26
17 87.5 56°23.38' 06°32.96' 100.6 m 19.11.79 1211 49.27
18 . 87.5 56°27.48' 06°39.02' 82.3m 19.11.79 1311 52.48
19 125 56°32.9'  06%49.3' 230 m 15.11.79 0911 51.16
2¢ 125 56°41.15* 07%1.55' 157.3m 15.11.79 1048 43.38
21 50 56%44.77* 07%7.38' 197.5m 15.11.79 1126 50.81
22 125 56°49.09° 07°14.10° 155.4m 15.11.79 1216 59.26
23 125 56°56.65' 07°26.25' 21.0m 15.11.79 1347 16.37




Table 2.2

1000 cu.in. AIRGUN PROFILE - PHASE 1

Station Pair Start End
Colonsay-Mull - 11.06 14.11.79 18.39 14.11.79
Mull-Tiree 18.42  14.11.79 23.03 14.11.79
Barra-Tiree 22.18 15.11.79 01.44 16.11.79
Barra-Tiree (2) 21.15 16.11.79 08.48 17.11.79
Jura-Kintyre 13.21 18.11.79 16.54 18.11.79
Kintyre-Girvan 21.24 20.11.79 11.21 21.11.79
Kintyre-Jura (2) 09.21 23.11.79 12.54 23.11.79
Jura-Colonsay 15.30 23.11.79 18.00 23.11.79
Shot 21 - Tiree 17.39  26.11.79 22.06 26.11.79

Shot Firing - 3 minute intervals
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the southern sectlon. that is on Kintyre and South Jura. the cassette
recorder. developed at Glasgow University was used. The station locations
and type are given In Fig. 2.2. Log sheets were made for all stations.

Ten 50 kg explosive shots were flred in total. this being
thought sufficient to provide good coverage over the extent of the line.
One of the shots was located as closely as possibie to that of the previous
phase to provide a link between the two sections of the experiment In
addlition to the reoccupation of the same recording stations. All the
relevant Information concerning the explosive shots Is provided by Table
2.3. The airgun profile was run along the line between Mull and Kintyre,
but in this case. using experience gained from the first phase. two 1000
cu.in. airguns were fired simuitaneously. Thus it was hoped to ensure that
the shots would be received aiong the entire extent of the line, providing
complete reversal. whereas attempts had to be made to filter the eariier
airgun records to Iocate the signal where It was obscured by noise
{(Chapters 3 & 4). The firing Iinterval was every two minutes, giving a shot
separation of approxlmateiy two hundred metres.

The completion of the second phase of the experiment took
only two days, the explosive shots being fired on August 31st, and the
alrgun profile taking twelve hours on September 1st. Table 2.4 gives the
time of each leg of the profile. Although problems in data quality still
existed, especially concerning the airgun data (Chapters 3 & 6), the data

quality for this section of the line was superior to that obtained in 1979.

2.4 Shot Detalils

As the majority of the information concerning the explosive
shots has aiready been provided In Tables 2.1 and 2.3, only their type and

timing procedure needs to be presented here. I.C.. Geophex explosive was
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Table 2.3

WESTERN ISLES SEISMIC EYPERIMENT

PHASE 2

Positions and detonation times of explosive shots - 31.8.81

~

No. LATITUDE LONGITUDE WATER DEPTH TIMNE 20.083
10 56° 14.16" 6° 17.55° 49.5 m 0915 22.03
9 56° 11.32' 6% 15.25" 75.8 m 0948 10.35
& 56° 9.80'’ 6° 13.94' 75.9 m 1018 17.02
7 56° 7.65° 6° 12.27' 31.1m 1043 40.89
6 56° 4.42° 6° 9.35' 20.1 m 1138 51.42
5 56° 1.45° 6° 5.23' 31.3 m 1220 00.59
4 55° 58.37" 6° 1.38' 22.5 m 1245 45.64
3 55° 50.52" 5° 50.22' 56.4 m 1515 48.83
2 55° 49.00" 5% 48.31" 180.8 m 1544 10.80
1 55° 47.56' 5° 46.04' 69.6 1616 43.09

All shots 50 kg weight




Table 2.4

2 x 1000 cu.in. AIRGUN PROFILE - PHASE 2

(1.9.81)

Station Pair Start End
Kintyre—-Jura 10.00 11.36
Juran—-Colonsay 15.12 17.54
Colonsay-Mull 19.30 20.06

Shot Firing - 2 minute intervals

|




used, made up to the required charge size by strapping together the
necessary number of 12.5 kg sticks. They were released with a fuse long
enough to ensure that they did not detonate until they were resting on the
sea floor. This firing procedure was used in preference to that described
by Jacob (1976) and is often implemented In marine studies. The method used
is quicker and safer. and In the region of WISE. the depths are too shallow
for detonation of the charges at a depth of one quarter of a wavelength
beneath the sea surface. Detonation at the sea bed Is aiso efficient with
no reflective losses because the source is at the media boundary.

The shots., received at a hull geophone and a hydrophone
towed behind the ship., were recorded on eight track analog magnetic tape
together with MSF time code and internai clock code. The tape was then
played out onto paper records using a jet pen oscillograph and the arrival
time measured. During the second phase of the experiment, such records were
made at the same time as recording on tape and the arrival time of the
water wave could be picked directly from these. Correction was then made
for the time delay due to the distance between the shot drop point and the
ship’s location on receiving the arrival to derive the shot Iinstant. The

timing of the shots using this method was accurate to 0.03 seconds.

2.5 Recorder Detalis.

2.5.1 Durham Mk.3 Recorders.

The Mk.2 seismic recorders developed at the department of
Geological Sciences. Durham have been well described by Long (1974). The
Mk.3 recorders are a development of the Mk.2 systern and have been given a
thorough description by Savage (1979). In the light of this therefore., It

iIs not necessary to provide a full description of the recorder but only
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outline its major featurss.

The recorder operates from either an external or internal
battery source providing 24 volts. Facliities exist to change the batteries
whiist continuing recording and operation of the clock. The tape drive uses
standard triple or double play, eight track. quarter Iinch tapes running at
a speed of 15/160 I.p.s.. This allows either seven or four and a half days
continuous recording. Build up of oxide on the the tape heads occurs often
though, making it inadvisable to leave a significant fength of time
between inspections of the recorder. as this seriously degrades the quality
of the recording. For WISE. checks were made twice a day. Although eight
tracks can be recorded. only six are used, their allocation given in the
equipment manual. Tracks 1 to 5 record in frequency modulated mode. using a
30% deviation of a carrier frequency of 71 Hz centre frequency. Track 6
records a 100 Hz signal at saturation which is wused for fiutter
compensation. Tracks 7 and 8 record time pulses represented In switches of
carriers between 50 and 100 Hz.

Two tlme. codes are recorded, the internally generated code.
and elther time pips from B.B.C. radio or a continuous recording of MSF,
the latter being used for WISE. Three selsmic channels can be recorded.
which are amplified after being sent down the cable from the seismometer
and frequency modulated before being recorded on tape. The gains on the
seismometers can be changed by means of a thumbwheel, and are stepped up by
factors of two. At gains greater than seven, a high cut filter Is used to
reduce the noise at the station (Section 2.8). Extensive checkout
tacilities are Incorporated In the recorder. enabling a monitoring of any
of the channels before and after recording. This Is done by both audio and

visual means. Three meters are used to indicate whether sufficlent voltage
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Is present across both the recording and playback heads to allow good
quality recording, and an earphone can be used to check ihe gquality of the
recording as the tape passes the piayback head.

For an extensive description of the recorder’'s character—
istice and its operation., a manuali by Long (1975 is avallable at Durham
University. A detalled appraisal of the difficuitties and breakdowns
encountered with the use of the recorder in the fleld Is provided by Savage

(1979) and shouid be consulted before the recorder is used.

2.5.2 QGeostore Recorders.

For the work carried out in 1979, six Geostore recorders
were obtained on loan from the N.E.R.C. equipment pool. Much information on
the recorder is readily available and a comprehensive technical handbook is
provided by the manufacturers (Racal Thermionics. 1979). This describes all
the recorders operational features and provides circuit dlagrams and’
layout. Therefore, as In the case of the Durham Mk.3 recorder. only a brief
description is given here in order to outline the recorder’'s main features.

The Geostore is operated by three 12 voit external
batteries, two of which are used for the recorder and one for the
outstation. As only 12 volts are required to supply the recorder, the other
battery Is used when changeover takes place. ensuring that there Iis
continuous recording and that the clock does not stop. Fourteen tracks are
recorded on haif inch width, seven inch diameter magnetic tape running at a
speed of 15/160 I.p.s.., aithough this can be varied depending on the
frequency of the data that is being recorded. This recording speed. which
Is the fastest available provides a bandwidth of 0-32 Hz .

Two operationali modes exist enabling either six or three
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days continuous recording. The first mode Is unidirectional. allowing an
Internal time code. an external time code (MSF iIn this case), two flutter
tracks and ten seismic channeis to be recorded. Alternatively, the recorder
can be used in a bi-directional mode. using an auto-reverse mechanism. This
enables seven tracks to be recorded In one direction and seven in the
other. Using this type of operation., two time codes. a flutter track. and
four seismic tracks are recorded on each compilete cycle of the tape. The
channel allocation on tape for seismic and fiutter tracks and time codes Is
given in the manual quoted above.

With three component seismometer sets the auto-reverse
mechanism was used, but with the. additional vertical seismometers
telemetered into the main station on. Jura and at Girvan, and with the extra
three component set on lona recorded at Mull, the Geostores wers used In
uni-directional mode.

Unlike the Durham Mk.3 recorder there is no built-in
modulator for the seismic tracks but instead the signal is moduiated when
it is received at the seismometer by an amplifier modulator. before it Is
passed down the cable. The external time channel has this built-in and
therefore must always be used for this purpose. The internal time code is
frequency modulated before recording. All tracks use a carrier frequency of
676 Hz with é maximum 40% deviation. The gains on the seismic channels can
be adjusted Iindividually using a setting on the modulator. A gain of 1
requires 250 mV to produce a 40% deviation of the carrier frequency, which
then decreases in steps of 2 or 2.5 untl the maximum gain of 10 which
requires only 0.25 mV input voltage to produce the same deviation.

No buiit-in test and monitor facilities are provided but a

fleld test box Is avallable to carry out the important tesits in the field
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to ensure good quallty recording. This enables a monitoring of the
tfrequency modulated signal and the amplifier modulator output.
Unfortunately not ail the station operators were equipped with a field test
box with complete facilities but each had an audio monitor to check that

signais were being recorded on each channel.

2.6 North Sea Shots.

in July 1980, as part of a crustal selsmic refraction
project in the North Sea, Cambridge University fired a line of large
explosive shots between the Moray Firth on the east of Scotland and the
west coast of Norway. As several of these shots were large (1000 kg and 500
kg) and relatively close to Scotland. three of the recording stations of
WISE were reoccupied to record the shots. It was hoped that these data
would provide extra control on the crustal delays because all the stations
were at sufficient distance from the shots to receive first arrivais from
sub—Moho travelling waves. whereas in W-ISE no single shot gave sub-Moho
arrivais at all stations along the line. Durham Mk.3 recorders were used
with Willmore Mk.2 seismometers at Barra and Girvan and a Geostore
operating with Mk.3 selsmometers was used on Mull. Two shots were recorded.

F2 (1000 kg) and F7 (500 kg).

2.7 Navigation and Bathymetry.

2.7.1 Decca.

For both phases of the experiment Decca Main Chain was used
for navigation and shot positioning., although for the second phase it was
used as a secondary method to the Trisponder system. The Decca Main Chain
iIs normaily used only for navigation and not for surveying. The system uses

a master and three slave transmitters. It is a phase comparison system with
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the master and each of the slaves providing a hyperbolic pattern. the
intersection of which defines the position before correction. A fuller
description is given by McQuillin and Ardus (1977). The system has been
used in all marine refraction projects so far undertaken in British waters,
and providing the data are processed correctly, by taking into account the
fixed and variable errors. resuits to an accuracy of 100m can be obtained.
This figure being quoted by Decca for the Hebridean and North—-West Britain
area. Considering the range of the shots for WISE and the accuracy in
timing of the shot. this Iintroduces a relatively small amount of error into

velocity and delay time measurements.

2.7.2 Trisponder System.

This system s far more accurate for obtaining absoiute
positions, quoted as having an accuracy of one metre providing the position
of the recelver can be so determined. it was used wherever possible on the
second phase of WISE, resorting to Decca Main Chain only when breakdowns
occured. The system functions by transmitting a continuous known frequency
from the ship to the receiver on land which, when Identified. is returned.
The travel time is then converted to distance knowing the veiocity of the
wave. The distance between the two s given directly in metres. It is
always advisable to have three Trisponder receivers in line of sight as
the Intersection between the arcs from each receiver wili give the
position. The error Involved Is shown by the amount of non-intersection
that exists between the three. However. for WISE only two were available In
any area and so the intersection of the two arcs from the receiver

locations had to be taken as the position of the ship.
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2.7.3 Bathymetry.

The depth to the sea floor was monitored along the line
using Echosounder records. The records are qiven In fathoms which can be
converted to time deiays through the water by converting to kilometres and

then using a velocity of 1.5 km/sec.

2.8 Criticisms Concerning Data Acquisition.

In order to appreciate the problems in the processing and
interpretation of the data, it Is necessary to give detaiis of difficuities
during data acquisition. Many of the probiems Iidentified by Savage (1979)
were apparent on WISE especially during the first phase, with recorder
malfunctions resuiting in poor data quality at several of the stations. The
reduced sections of the explosive shots shown in Chapter 6 and the airgun
data presented In Chapters 3 and 4 provides evidence of this. A summary of
data quality at each station for the first phase is given in Appendix 1.

Although it is felt that the equipment might not be as
rellable as has often been suggested. and that reasons such as dirty heads
were responsible for much poor quality data, certain steps could have been
taken to ensure that It was in a better condition prior to the expsriment.
A state of bad preparation existed in the case of the Durham Mk.3
recorders, which were found not to be working a week before the project
was due to commence, resulting In the amount of time station operators had
to famillarize themselves with the equipment being Iinsufficient. This was
also the situation with the Geostore recorders. Several of the station
operators indicated that the training course they attended at 1.G.S. was
Insufficlent and the lack of time before Installation meant that a thorough

examination and famiilarization of the equipment In the laboratory could
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not take place.

The characteristics of the Mk.3 recorders also appear to be
unsuitable for the afgulsltlon of alrgun data. as there was a poor return of
data for both phases. Although this may be attributed to tape flutter in
many cases, It Is also felt that the bandwidth Is insufficient. Long (1974)
has quoted the bandwidth of the Mk.2 recorders as being 0-20 Hz up to
gains 7, cutting off sharply at the higher gains with a decrease In
relative gain of 50% between 1 and 10Hz. At 20 Hz, the roll-off is
complete. Therefore at large range., where the signal frequency would be
low, high frequency noise at the station shouid be cut out. The Mk.J3
recorders. were designed as an extension to this system. and were primarily
to be used for studying teleseismic earthquakes. As such, the bandwidth was
reduced and they also have a high-cut filter at high gains. The
characteristics have not been fully documented. but Investigation by G.
Ruth has shown that there Is a step In the response at § Hz for all gains.
For gains 1-4 the filter rolls off slowly giving a bandwidth of 17 Hz. The
rate of the roll-off increases significantly at a gain of 6 reducing the
bandwidth to 12 Hz. At higher gains the bandwidth is even further reduced
to no more than 8 Hz. It must be stated that the response curves are
strange in character and do not follow the simple trend of the Mk.2
recorders sho§vn by Long (1974).

Noise proved to be a major difficulty in the processing and
interpretation of the data (Chapters 3, 4 and 6). As previously stated.
this can be attributed to tape flutter for some of the airgun data of the
second phase. However, even though the pits for WISE were positioned on
bedrock, covered.and located In areas that were hoped to be free of wind

noise. it stlll had an effect on the quality of the recording. For HMSP and
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the station set up by the U.K.A.E.A. for NASP, a concrete base was placed
on solid bedrock and the pit was lined with PV.C. tubing to lower noise
leveis and keep the pit free of water. This was \not done for WISE and even
though the sites had been selected earlier, it is thought that some of the
data. especially from the first phase, indicates high levels of wind noise
at the station. In addition, as the first phase was carried out In
November, several pits had to be dug at the statlons as water seepage into
the pit proved a problem. For the second phase, carried out in late summer,
the pit preparation was adequate as the weather was more favourable and as
the duration of the experiment was far shorter. less difficuities could be
expected.

The author feels that from the experience gained from WISE,
more care should be taken in the preparation of data acquisition to ensure
that the quality of the data reaches the highest possible standard with the
equipment used. Obviously breakdowns must be expected. but their occurence
can be greatly limited through careful checking of equipment and more
thorough training and famillarization being given to the station .operators.
it Is clear that they have a Ilimited time available for this process but
some did state their wish to know more about the equipment and their unease

in going into the fleld with insufficient knowiedge of its operation.
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CHAPTER 3

DATA PROCESSING

3.1 Introduction.

in order to handle and interpret large amounts of seismic
data efficiently, they must be in a form that is easy to display. For WISE
all the data were digitized from the analog magnetic tapes and then
processed, displayed and Interpreted with the ald of a computer. Prior to
digitizing, the analog tapes were replayed onto paper records using a Jet
pen osclliograph to learn exactly which shots had been recorded at each
station. and to pick arrival times initially.

Repiaying and digitizing was carried out bo-th at Durham and
at 1.G.S. in Edinburgh. At Durham. those tapes recorded on the Durham Mk.3
seismic recorders were played back on the quarter inch processing system,
and at Edinburgh a permanent system Iis avallable in the Global Seismology
Unit for the rapid replay and digitizing of tapes recorded on Geostore
recorders. After completion of digitizing, a library of FORTRAN computer
programs and subroutines was written to process the data on the NUMAC iBM
370/168 computer. Programs for handling the data on tape and disk and for
graphical display to aid analysis were developed (Appendix 2).

The processing of the airgun data was carried out along
different lines to that of the explosive shots. As there were a large
number of airgun records and the arrivals could not aiways be seen
throughout the entire section, attempts at their detection by automatic
methods were made. This work was Initlated by Birtles (1980) and much

developed by Warren (1981). A summary is provided in section 3.5.
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3.2 Replay and Digitizing.

3.2.1 Durham Mk.3 Recordings.

Processing of these data was delayed considerably due o a
changeover in the processing system from use of a Modular 1 computer to one
operating with LS| 11 computers. The complete system., with tape drives to
enable transfer of data to the NUMAC computer was not fully operational
until April 1981, leading toc an eighteen month delay before any of this
data couid be processed. The main processing was carried out on the |BM
370/168 because programs were written for use on that machine and not on
the computer of the seismology laboratory. it is only recently that full
processing faciiities have been implemented on the system.

The set up of the system is shown in Fig. 3.1. By
controiling the analog replay deck with the computer. the tape can be
scanned for events, viewing any of the six channeis on a Tectronix graphics
terminal. Three hours éan be displayed at one time. When an event |s found.
either Dby direct Iidentification or by reading the time code, it s
digitized by placing cursors at the beginning and end of the required
section. Playback onto a paper record can be made at the same time as
digitizing. The data is then stored on a hard disk in multiplexed format in
blocks of 512 bytes. Dlrect transfer can then be made between the disk and
9~-track magnetic tape.

Tapes from Tiree and Colonsay for the first phase were
digitized and those of Mull, North Jura and Colonsay for the second phase.
The sampling rate was 50 samples/second. each sampie being two byte
integers. Digltlizing using this system proved efficient providing that data

quality was good. Often dirty heads on the recorder or poor or non-existent
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time code meant that events were sometimes difficuit or Impossible to
locate.

The main criticism about the system which has an Iimportant
bearing on the subsequent use of the records Is that complete flutter
compensation is not achieved. Although some attempt is made to remove the
effects of variation in tape speed not aill has been removed and the
sampling rate for each second Iis not constant. Details of the errors

involved are given in section 3.4,

3.2.2 Geostore Replay and Digitizing.

The tapes from all the stations that used Geostore recorders
were replayed at Durham using a Store-14 replay unit acquired from the
N.E.R.C equipment pool. This required the use of different playback speeds
and bandpass fliters to Dbring out the signals to the optimum extent. This
procedure was made more difficuit by Incorrect settings of the Internal
clock and poor MSF reception.

Analog records were made of all the expiosive shots received
at Barra. Jura., Mull, lona and Girvan. At North and South Kintyre, however,
and hence the Arran station which was recorded at South Kintyre by a
telemetry link, Incorrect setting up of the station resuited In no MSF
being recorded.

The explosive shots were played back at two speeds with the
time code played out both sides of the seismic events to ensure correct
picking of shot times. Before playing out on the Jet pen osclllograph, a
calibration marker was placed simultaneously on each of the traces to
ensure that there was no horizontal displacement between the pens. This was
necessary for the correct timing of the arrivals. The two speeds used were

25 cm/sec. and 100 cm/sec. enabling quick location of the events on tape
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and providing records that could be easily picked.

Most of the airgun data were pilayed out at a far slower
speed as it was thought that the amount of data to be examined required the
use of a computer. The slower speed of playbac'k merely provided records
that gave an indication of the amplitude of the arrivals and of the maximum
range from the station that they could be expected. The airgun data
recorded on Muil and lona were played back at the faster speed as from the
first set of records these Ilooked to be of good quality and couid be
examined without resorting to too much fiitering.

When the events had been recognised. they were dligitized at
.G.S. In Edinburgh. A diagram showing the steps In the operation Is given
in Fig. 3.2. The number of channels to digitize can be varied. although it
was always kept at elght to aid the later processing. The sampling rate
used was 64 samples/second as this was the maximum possibie for the
recording speed used for WISE. The number of seconds to digitize and gain
can be varied and the starting time for digitizing once fed Iinto the
computer, is located and each channel is recorded on magnetic tape from
that Instant. The number of seconds to digitize is also given along with
the gain, thus preventing the clipping of large arrivals. The digitized
tape can be replayed to ensure all events have been recorded correctly.

in general. the system has more options than that at Durham,
which is largely due to it being set up for this type of processing with
varying tape speeds. Problems do occur though when bad patches of time code
are found on tape as the computer program that controls the digitizing
relies on being able to read the time code. This can be overcome by using a
manual digitizing operation and starting and stopping the tape at the

points about the region to be digitized. One Important feature of the
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system Is that flutter compensation is very efficlent. and as the samvpllng
is controlled by the flutter track. the number of samples in each second
always remains constant.

All shots and airgun data recorded at Barra. Jura. Mull,
lona and Girvan were digitized. Channel relationships between analog and
digital data on tape for each station are provided In the tape Ilog book.
The files on tape are uniabelled but the location on tape where each shot

can be found is also provided In the log book.

3.3 Programs Developed For Data Processing.

Although seismic refraction experiments are well established
techniques. and the processing of the data carried out along standard
lines, no one set of programs existed for use on the IBM 370/168 computer
to process the WISE data. The reason for this is that most programs that
have been developed are very specific and are generally not well enough
stored or documented for anyone other than their author to use them. A
suite of programs was written to handle the data from WISE rather than a
modification of pre~-existing programs. These programs are presented in
Appendix 2, and are commented to indicate where they have to be aitered If
data different In form to the WISE data are avaliable. Such modification
would hopefully only have to be smail though if the data is digitized on
the systems at Durham and |.G.S. and processed on the NUMAC computer.

Fig. 3.3 is a dilagram Indicating the varlous stages of the
processing and the options avallable from the point when the data Is on
digital tape. The following give brief descriptions of the operation of
each of the stages. The comments in the programs provide details on the

operation of each one. All programs are used interactively and the user is
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prompted for any parameters about the data that are required. eg. sampling

rate, channel number.

3.3.1 Transfer Programs.

These were written to transfer data from magnetic tape to a
permanent disk file. Two versions are available, one for tapes produced at
Durham (TPTODSC.D) and the other for those produced at Edinburgh
(TPTODSC.G). The programs are used interactively and the user is prompted
for parameters on the data, such as the number of channels on tape and the
number of blocks to transfer. The output is to a line file with one channel

per line.

3.3.2 Time Decoding Subroutines.

Three time decoding subroutines were written to enable the
location of events on the disk. These are GDCODE., DDCODE and MDCODE. They
are used for decoding the Geostore clock, the Internal time code of the
Durham Mk.3 recorders and the MSF recorded on- the Mk.3 recorders

respectively.

3.3.3 Plotting Programs.

A number of plotting programs have been developed to display
the data In different forms for specific purposes. The main method of
display of seismic refraction data is In the form of a reduced travel time
section. Such plots make the Identification of different phases and
velocity changes easier and delays at stations are brought out more
clearly. Plots are made of travel time reduced by shot range/velocity
against range. Any reducing velocity can therefore be used. The programs
were written to allow either normalization of the traces (GEOSECT.N,

DURHSECT.N), or give plots at true amplitude with allowances made for
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recorder and digitizer gain and shot distance from the station (GEOSECT.T.
Two versions are present depending on whether the data were recorded on a
Geostore or the Durham recorders.

in addition programs are available to plot the three seismic
traces straddled by the time code (GEOPLOT. DURHPLOT). Fifteen or thirty
seconds of data can be plotted from a time specified by the user. The two
time codes can be plotted side by side In order to determine time
differences in samples (TCPLOTS), and a sectlon of a file of demuiltiplexed
data showing all channeis to check on the digitizing (CHPLOT.G. CHPLOT.D).
These programs enable the accurate location and timing of phases of the

seismogram.

3.3.4 Bandpass Filtering Subroutines and Analysis Programs.

Bandpassing of the seismic data ‘can be carried out when
using all the plotting subroutines if required. This is provided as an
option when running the programs. The subroutines require data in the
frequency domain, transformlﬁg the data using a subroutine of Nunns (1980)
modified from Claerbout (1976). The bandpassing takes account of the
problems encountered when muitiplying spectra shown by Bergland (1969).
Care must be taken not to use too narrow band a fliter as ringing about the
onset resulits.

To obtain data in the form required for the application of
the airgun processing programs, 700 samples can be dumped from any time
specified (CHDUMP.G., CHDUMP.D). The spectra of the data can also be studied
(FREQPLOT), these providing important information especially on the airgun
data and prior to the application of bandpass filters. A program is also

avallable to examine the variation in sampling rate of the records produced
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at Durham (TIMESAMP). A list of the subroutines used for bandpassing and in
conjunction with the programs, along with comments on each one’s

operation, is presented in Appendix 2.

3.3.5 Programs for Filtering Alrgun Data.

Two M.Sc. projects brought about the development of a set of
programs and subroutines for the enhancement and detection of airgun shots
in noise (Section 3.5). The names and listings of these programs and the
subroutines called are provided in the two theses. The problem with the
programs and subroutines Iis that they were developed using only one data
set and as a result. were rather specific. They have therefore been aitered
in order to allow options on entering different numbers of traces and to
change certain operational parameters depending on sampling rate. trace
spacing and data quality. Their names are as given by Warren (1981) but

with the suffix (.2).

3.4 Picking Arrival Times., Accuracy and Corrections.

in refraction seismology, accurate identification and timing
of events must be obtained. For WISE. several methods of display were used
in order to achieve this. As has been previously stated. paper records
direct from the analog tapes were only» made for the Geostore recordings.
For both data types. records were made from the digitized data using the
plotting subroutines. These records retained all the character of the
signal as seen from direct comparison with the jet pen records and were
quite adequate for picking arrival times. When it was possible to identify
the first arrival clearly, the subsequent arrival time was accurate to one
sample, this being 0.016 sec for the Geostore recordings and 0.02 sec for

the Durham Mk.3 recordings. The timing of the shots was only accurate to
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0.03 sec and so this timing of the arrivals was considered sufficient.
Throughout the picking, use was made of the reduced sections. Arrivals
couid be seen on these records more clearly and once identified. the same
point was found on the larger scale records and timed accurately.

Wherever possible the MSF was used for timing as no
correction then had to be made. This was not always possible though with
poor MSF recorded at some stations. In such situations drift curves were
drawn for sach station for the duration of each phase of the experiment.
The difference In sampies between both time codes could be found by
plotting them alongside each other using the computer. This could then be
converted to seconds and the épprg?late correction made to the travel
times.

It was initially thought that incomplete flutter
compensation on the playback of the Durham Mk.3 tapes might prove
troublesome when picking arrival times. An analysis of the sampling rate.
however, showed that the variation about the mean was not large. being
normally no more than one sample., this being 0.02 sec. The method of
display used for the explosive shots (Fig. 3.4) did not Introduce sizeable
errors into the timing of the shots. The small variation meant that large
errors were not introduced ° into the bandpassing of the traces. If the
variation from the mean had been large then the transforming of the data

into the frequency domain would have introduced significant inaccuracies.

3.5 Filtering Techniques Used on the Airgun Data.

The airgun proflles that were shot during the two phases of
WISE provided only a limited amount of data that could be picked by eye.
Figs. 3.5 and 3.6 give an example of this. This amounted to little more

than 50% of the data on most lines and no sectlon of the profile was
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reversed. Any interpretation of this data would be extremely limited as the
only Information that could be extracted would Dbe the apparent velocities
ciose to the station. No reversals of the lines were achieved and therefore
no depths and lateral velocity variations couid be examined. In attempts to
extract the arrivals where they couid not be seen in noise. fiitering
techniques normally used in reflection seismology were adapted for use on
the WISE data. The work was initiated by Birtles (1980) and much furthered
by Warren (1981).

The work of Birtles involved investigating the possibilities
of using predictive deconvolution Iin an attempt to Increase the signal
above the noise where it could not be seen by eye. Numerous different lags
were used for predictive flitering. including a zero gap in order to find
the optimum fliter. On close examination though. errors weare found in the
bandpassing and Levinson recursion subroutines making the results
inconclusive. Another technique used was the cross—correlation across
traces using an estimate of the signal to detect arrivais where they couid
not be seen. An estimate of the waveform was made up of a window of data
about the arrival on the first five traces. These were stacked at their
position of maximum cross—correlation and averaged. This was then cross-
correlated with the next trace and its onset deemed to be at the position
of maximum correlation. Updating of the waveform was carried out by
dropping off the earliest trace and adding the next at this position to
take account of changing signal shape. Although the method appeared to work
to some extent there was no detalled review of results. The data was
reworked and given a much more thorough examination by Warren (1981). This

account is summarized here.
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3.5.1 Signal Enhancement.

The basis for the study was an extension of the cross-—
correlation technique but bandpassing and predictive deconvolution werse
first applled in an attempt to enhance the arrivals prior to the matchedA
filter’'s use. The deconvolution was to serve to make the signal on each of
the traces appear as similar as possible so that the application of the
matched filter would be successful. If there Is not sufficient similarity
between the signal shape on separate traces and distinction from the noise
then correlation techniques cannot work. Modification of the techniques had
to be carried out before application to the refraction data as many of
their properties are different to reflection data on which they are
normaily used.

A typical trace with good signal to noise ratio recorded at
Mull is shown in Fig. 3.7. The Ilow frequency component on the seismic
records had to be removed as It Is apparent that cross-—correlation would
not be successful on such data (Warren, 1981). The filter used by Warren
was a bandpass fliter between 4 and 32 Hz. As 32 Hz represented the Nyquist
frequency for the sampling rate used, this essentially meant that there was
no high cut fliter applled. The reason for this was that the predictive
deconvolution introduced high frequency noise and therefore a high cut
fiiter would be applled after the process. prior to applying the matched
filter.

Although noise was damaging to the success of the detection
process, a more serlous problem was the variation in the shape of the
sighal on adjacent traces. It was felt that this led to poor resuits In
Birtles work. The number of cycles of the wavetrain varied from trace to

trace and If correlation was attempted In such a situation, then an
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Fig.3.7:

Fig.3.8:

A typlcal airgun trace recorded at Mull from a shot within
close range of the station. Reproduced from Warren (1981).

An example of the error In cross-correlating signals
with  different numbers of cycles to find the onset
time. If signal B Is the estimate of the arrival and
is cross—correlated with trace A, larger  correlation
values may be obtained for positions other than the
onset time. Reproduced from Warren (1981).




incorrect position for the onset of the signal may have resuited (Fig.
3.8). Wwarren suggested that predictive deconvolution could be wused to
truncate the signal and leave the same number of cycies on each trace to
give a distinctive character to the signal for its detection by matched
filtering.

To design a prediction error filter, the autocorrelation of
the signal Is substituted into the normai equations (Robinson, 1967). The
fliter coefficients are then calculated and the prediction error fliter s
constructed using the required gap. Convolution of this filter with the
time series should remove the energy of the later cycles of the signal. The
success of the method relies on certain assumptions being made about the
data. As the autocorrelation of the whole time series would not give a good
estimate of that of the signal. a window of data was taken about the
arrival of interest, in this case the first arrival, and the
autocorrelation function was designed from this. it was proposed that
provided the window of interest did not include much noise, the
autocorrelation function would be a good estimate of that of the signal.
Due to the changing shape of the signal from trace to trace, it was thought
necessary to redesign the filter on each trace as the previous filter would
not be effective.

The gap used with the prediction error filter was small and
often resulted Iin the fliter approaching a spiking filter. As a result, the
amount of noise In that part of the spectrum where it was weak was
increased, that is ., in the high frequency range. The reason for this can
be seen by examining the action of the filter in the frequency domain. The
filter is the approximate inverse of the signal and as such wiil have high

coefficients where those of the signal are weak. When the filter s
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convolved with the seismogram the noise is Increased at these frequencies
(Ziolkowski, 1980). In many cases the amplitude of the noise was
unacceptably high and as the bandpass filter used to remove them was very
narrow, some ringing about the onset resuited. This problem Is overcome by
adding a small amount of white noise to the spectrum of the signal prior to
the calculation of the filter coefficients. This raises all the values in
the spectrum and does not allow the filter coefficilents to approach
infinity at frequencies where there are near zero values of the signal.
White noise only contributes to the zero lag value of the autocorreiation
function and therefore the addition of white noise only requires a boosting
of the value of the zero lag coefficient of the signal’s autocorreiation
function. The addition of white noise does however result In poorer signal
truncation due to the altering of the signal coefficients. Warren proposed
that the addition of 40% white noise provided the best trade off between
signal truncation and decrease in noise. It must be stressed that aill the
tests were made on traces with a very good signal to noise ratio where the
onset could be picked adequately.

An extension to the deconvolution process was the
application of the aigorithm of Burg (1976) for the . calculation of the
autocorrelation function. A subroutine to perform the operation was
obtained from Wright (1980) and adapted for use on the WISE data. It is
designed for use on short data sets and therefore. it was thought that it
might be applicable to the 120 samples used In the calculation of the
autocorrelation function of the airgun data. It did not provide better
results, however, although this Is thought to be due to the Iinapplicability
of predictive deconvolution to this data described In the next chapter,

rather than the role of the algorithm itself.
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3.5.2 Signal Detection.

Signal detection techniques using matched filtering are
widely used in reflection seismology but have not been studied In detall
for application in refraction seismology. With little knowledge on the
performance of matched fliters on such data, the optimum choice of
parameters had to be investigated. This was carried out tc some extent by
Warren, but due to the method only being tested on one data set. problems
arose when it was applied to other data. The technique was deveioped on the
best quality data from WISE. that Is the data from the Inner Hebrides Basin
recorded at Mull and lona. and appeared successful. An outline of the
method is presented here.

After the initlal processing it was hoped that the onset
might be picked relilably on an increased number of records. but more
Importantly, that there would be a greater similarity between the signals
on each of the traces. Using an estimate of the signai shape and the known
onset, it was hoped that the arrivai couid then be found on the poorer
traces by use of cross—correlation. The estimate of the signal was obtained
in the same manner as before, that Is by adding the windowed first arrivals
from the first filve traces together and finding the average. The position
of addition was determined by finding the position of maximum cross-
correlation between the traces. The average waveform was then correlated
with the next trace and the position of maximum correiation was deemed to
be that of the onset of the signal. Due to limits on velocity and delay
between the shots, it was reasonable to expect that the arrival on one
trace would Ile within a certain range of that of the previous one. For

this reason the search for the onset was confined to a limited window so
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that later arrivals could not be correlated with. The window taken for the
search for the local maximum was set at positions of up to ten samples from
the previous onset for the Mull and lona data but changed to seven with
the data from the second phase of WISE. This was thought practical as the
shots were more closely spaced and the sampling rate was less than the
airgun data from Mull and lona of phase one. These search windows allowed
for realistic refractor velocities In the area. A ‘decision function’,
which s a statistical expression reilating the correlation between two data
sets, eg. cross—correlation and semblance, was used when attempting to
locate the onset. For the WISE data. the correlation coefficient was found
to be the most effective as it was found not to be too sensitive to
arﬁplitude variations and provided the best resuits In data with a low
signal to noise ratio. An examination of the performance of each Is given
in Warren’s thesis.

The shape of refraction arrivais continuously changes on
moving greater distances away from the station stretching out the separate
phases at further distances. It is unlikely therefore, that the waveform
that gives the best correlation at the beginning of the line will give the
best correlation at the end. To take account of the changing waveform
shape. updating of the waveform was carried out. This was done by replacing
the oldest trace of the five used in the average by the one that had |just
been correlated at the position of maximum correlation. Updating in this
way was only performed if the value of the decision function exceeded the
threshold value. This value was set by Warren at 0.7 as this was felt high
enough not to be corrupted by noise and not too high to never allow
detection to occur. The threshoid level was changed for different data sets

however depending on similarity between signal and noise and the signal to
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noise ratio. Any value below this was thought to suggest that the - true
onset of the signal was not found and addition to the average waveform
would only resuit in contamination by noise.

The final stage of the processing of the airgun data was the
stacking of the traces to improve the signal to noise ratio. Each trace was
taken in turn from trace three and along with the two adjacent traces on
both sides, shifted and stacked according to the onset times obtained from
the matched filtering. This was suggested to give an indication of whether
the process had been successful as the signals should enhance when stacked
whereas the noise. being random. shouid not. The result of each stage of
processing on the data from Mull is shown in Figs. 3.9 to 3.11. This was
the first data set upon which the techniques had been tried and aithough
the results seemed Impressive. further examination and thorough testing
showed severe limitations in the method when applled to other data of WISE

(Chapter 4).

3.6 Shot-Station Distances.

The distances between shot and station pairs were calculated
after the processing of the Decca and Trisponder fixes had given locations
of the shots. The Decca fixes first had to be corrected for fixed and
variable errors that are always Iintroduced before plotting on navigation
charts. The fixed errors for the region were availabie In a manual provided
by Decca and can aiter the position by between 50 and 100 metres. The
variable errors are smaller than this but cannot be easlly determined.

The location of the explosive shots did not provide too much
of a problem as they were few in number and the fixes could be plotted on a
Decca lattice "and found. Due to the large number of shots Invoived.

however, this could not be done for the airgun data and an automatic method
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TIREE TO MULL,BANDPASSING AND PREDICTIVE DECONVOLUTION APPLIED.,
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Fig.3.10: Data from Mull after the  application of predictive
deconvolution. Reproduced from Warren (1981).
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of processing was preferable. Attempts were made to use a program written
at the Department of Geology of Cardiff University. This required some
alteration, and when eventually successful gave far from accurate results.
A program used by R.V.S. Barry also did not provide reliable locations when
the raw data were processed. Several fixes from each sectlon of the line
were then sent to Racal Thermionics. who operate the network and accurate
positions obtained. Using these positions. the results from the program
could be corrected and the postions found to an accuracy of 100m. This was
checked by plotting several of the fixes on a lattice after applying the
fixed error corrections.

Positioning of the recorder sites was an easy process as
each of the station operators provided the grid reference of the location
used. The calculation of shot-station distances was then carried out using
the departmental program DISTAZ (Westbrook. 1973al, which gives the distance
and azimuth Dbetween points of known latitude and longitude. A table of

shot-station distances is provided in Appendix 1.
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CHAPTER 4

REVIEW CF THE PROCESSING TECHNIQUES USED ON
THE AIRGUN DATA

4.1 Introduction.

The methods of processing used on the airgun data of WISE
were developed using only two data sets. those from stations at Mull and
lona for the line in the Inner Hebrides Basin. recorded on the same
Geostore recorder. On first examination the resuits of the processing
seemed Ilkely to provide correct detection of onset times where they couid
not be Identified by eye. When the processes were used on different data
sets, however, they were shown to lack robustness and the arrival times
th_ey returned were unreliable (Attree, 1982: Casson., 1982). A more detailed
examination of the results from the Mull and Ilona stations. involving a
comparison of arrival times returned with those of adjacent explosive
shots, revealed that onsets that were previously thought to be correct were
not so. The poor performance of the techniques implied that something
incorrect existed in the way in which they were being adapted and applied
to airgun refraction data.

The following sectlons are aimed at giving a review of the
assumptions Involved in the development and operation of the techniques.
and how they apply to seismic refraction data. The properties of the data
must approach the requirements of these assumptions for signal enhancement
and detection to be successful. The examination has led to certain
criticisms of the application of predlctlvé deconvolution for signal
enhancement. and matched filtering for signal detection, to the data of
WISE. The criticism might aiso apply to refraction data In general. As the

techniques were originaily developed for use on seismic reflection data,
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comparisons are made between the properties of refraction data and
reflection data. and their effect on the design and implementation of the

filters.

4.2 The Use of Predictive Deconvolution.

Predictive deconvolution is a standard technique wused Iin
refiection seismology for the removal of multiple reverberations from the
selsmogram where they overlap with later primaries. With a knowledge of the
shape of the autocorretation function of the wavelet it Is possible to
design a filter to predict the position of the multiples In the seismogram
and remove them, leaving only the first occurrence of the waveform. By
applying the technique to the airgun data of WISE it was thought that the
later cycles of a multi-cycled waveform could be removed to ieave only the
Initlal cycie, or at worst., the first few cycies. It was hoped that the
processing of each trace in such a way would enhance the signal and
increase the similarity of its shape along the record section. allowing the
application of a matched fiiter to locate the arrivals where they could not
be seen by eye. The initial justification for this Iis provided by Warren
(1981), and summarized Iin the previous chapter.

Predictive deconvolution, howaever, requires a reliable
estimate of the autocorrelation function of the signal to develop a filter
that will perform the operation successfully. In reflection seismology. a
reasonable estimate of this autocorrelation function can be obtained
providing some assumptions are made about the data. For the purposes of
Wiener filtering. a refiection seismogram is considered to be a close
approximation to the convolution of a seismic source wavelet with the

impulse response of the earth, which is assumed to be white. random and
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stationary. When dealing with real data this is generally not the case but
by massaging the data it is possible to approach the above situation
Qiolkowski. 1980). If the convolutional model is taken as being valid,
then the autocorrelation of the seismogram Is the same as that of the
source wavelet except for an unimportant scaiing factor (Robinson &
Treitel, 1967). By using this autocorrelation function, therefore. an
effective prediction error ifilter can be designed from the normal equations
providing the impuise response is a spike series and the source wavelet s
minimum delay. If the multipie shape Is the same as that of the primary
then no aiteration to the seismogram except suppression of the muitiple
occurs. Due to the Impulse response not generally being a spike series.
however, incomplete suppression takes place. If short period multipies are
being removed. then the contraction of the wavelet is accompanied by an
increase In high frequency noise (Peacock and Treitei, 1969). This Is due
to the wuse of a small predictive gap which results in the filter
approaching a spitking filter, whose overall effect Is to whiten the
spectrum by increasing those frequencies that are weék (Section 3.5).

An examination of the airgun data Indicates that the time
serles does not represent the convolution of a minimum deiay wavelet with a
white. random and stationary impuise response series but Instead. the
addition of several different signals to coloured noise. The data from all
the stations are very band limited. with a bandwidth of between 10 and 15
Hz (Casson. 1982: Smith, 1982), non-random, and non-stationary. The use of
an autocorrelation function based on the entire trace would not provide a
good estimate of that of any one particular phase of the signal. Warren
(1981) proposed the use of a window of data about the arrival of interest

upon which the fiiter could be designed. Although this may at first appear
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feasible. serious limitations exist. resulting in badly designed fiiters
that make the successful truncation of the signal and increased similarity
between successive traces unattainable, when the signal to nolse ratio is
low.

A consideration of those traces close to the station. which
have a high signal to noise ratio, seems to indicate that there may be some
justification In the windowing of the data. Hers the signal would not seem
to be too corrupted by noise and a reasonable estimation of the
autocorrelation function might be made. Even in this situation however,
limitations are being >placed upon the action of the filter by using a non-
minimum delay wavelet. in reflection seismology. even though the source
wavelet may not be minimum delay. the muitiple series always is. as
successive multiples have suffered more refleétions and therefore contain
less energy. This enables the predictive deconvolution to be successful on
removing muitiples from reflection data.

The property of minimum delay is important to the successful
operation of the filter. For any autocorrelation function of length 2n-1
there are 2 possible wavelets, only one of which is minimum delay. The
resuit of applying the prediction error fliter obtained from this
autocorrelation function will have a different effect on each of the
unknown mixed delay wavelets. This effect cannot easily be determined. In
the case of the Mull airgun data, only those traces close to the station,
displaying good signal to noise ratio, show some minimum delay
characteristics. although the the second or third peak of the waveform Is
generally the‘ largest. On the later traces, for which the processes are
most required. the largest peak, used In the window for filter design., is

not near the onset. This is shown by comparison of the explosive shot and
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airgun records. An efficient prediction error fliter cannot be designed
with such a wavelet.

The discussion above Is only concerned with the form of the
signal that is being filtered. No account has been taken of the noise along
the seismogram. The presence of noise is Iimportant. however. when
considering the extent of signal enhancement that can be expected when the
WISE airgun data undergo predictive deconvoiution. This becomes evident

when the action of the prediction error filter is examined.
The seismogram can be considered as.
x(® = s(® + n®
where s(® = source waveliet, n( = noise
After deconvolution, the seismogram becomes. _

yi® = z(d + n®*p®

where.

p®® = prediction error filter,

z(b = deconvolved source wavelet shown by Fig. 4.1

The filter p(® has the form (1,0,0.....-p0,-p1,—p2....-pN),
therefore its energy must be > 1
If the nolse is white,

the energy of n(h*p( > the energy of n(®
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Before Deconvolution

After Deconvolution

Fig.4.1: Diagram indicating the effect of applying predictive
deconvolution to a reverberant trace in the ideal
case of complete removal of the reverberations.




Therefore, if the noise Is white. the signal to noise ratio
must be reduced as a result of predictive deconvolution, even if there is
successful truncation. Although the noise of the WISE data is not white and
the effect of the fillter cannot be easlly defined. It is quite possible
that an increase in the noilse will resuit. It can be seen, then, that even
when the signal to noise ratio is high. enhancement of the signal cannot be
expected due to it being non—-minimum delay and because of the action of the
fiiter on signal and noise.

The most serious problem. however, is found to arise when
an examination is made of the implementation of the technique on those
traces with a poor signal to noise ratlo. This condition worsens on the
traces with increasing offset from the station. it must be remembered that
it is in this case that the processing has to be most successful. The first
arrival can be quite adequately picked from the early traces. the
processing only being applied to increase the slniilarity of the signal
along the line for use with a matched filter. It can clearly be seen from
the records that on most of the traces the signal to noise ratio is very
low and on many the signal cannot be seen at all (Figs. 4.2 and 4.3). In
such a situation, the fiiter is bound to be designed on data considerably
contaminated by noise. In the predictive deconvolution process it is an
extremely Iimportant requirement that the only contributions to the
autocorrelation function come from the signal. The Iintroduction of noise
leads to an erroneous autocorrelation function and results in poor filter
design. Furthermore, even though some of the noise might be predicted out
by its contribution to the autocorrelation function, high frequency noise

will also be introduced due to the small gap used with the prediction error
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filter on this data (Section 3.5). Aiso. in many instances. for example
along two thirds of the Tiree—~Muill line and one third of the Muil-Colonsay
line, the filter is designed using a window within which the signal cannot
be seen but Is expected to lie. Such a procedure could never result in
successful enhancement of the signal as the filter has been designed almost
entirely on noise.

From this discussion of the application of predictive
deconvolution to the WISE refraction data., it Iis apparent that the main
assumptions about the properties of the data upon wich the method is based.
are violated. Aithough the use of predictive deconvolution on a non-minimum
delay wavelet Is strongly discouraged. the application of the process with
an unchanging filter designed on a good representation of the signal. such
as an average of those traces close to the station, wouild have been less
likely to be corrupted by noise and might have been more effective, even on
the later traces. The method of predictive deconvolution., however, was not
designed to enhance a signal where It cannot be seen but to remove
reverberations where they interfere with primary reflections. As such the
technique Is not suited for the enhancement of signals that are present In
traces with extremely poor signal to noise ratios, such as the WISE airgun
data.

The ampiltude spectra of the signal only. and of an entire
trace with a good signal to noise ratio recorded at Muili for the Mull to
Tiree line Iis shown in Fig. 4.4. It Is clear that the data are very band
limited. When using such data, wavelet shaping may be a more appropriate
way of enhancing the signali on the traces. It must., however, be siressed
that such a use is only applicable where the signal is evident. and not on

data with a very poor signal to noise ratio. In addition, the use of this
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method requires an accurate knowledge of the wavelet so that it can be
shaped into its zero phase equivaient.
ie. s * fo® = so
where,
s = wavelet
sot) = zero phasé wavelet
fo®) = filter

The zéro phase wavelet Is a symmetrical wavelet centred
about t=0. The autocorrelation function of s() is the same as so() and
therefore so are their amplitude spectra. In applying the operation, the
signal to noise ratio remains unaitered as the amplitude spectrum of fo(
is equal to one at ali frequéncies. The zero phase wavelet. however, is
often not very sharp and some additional spiking has to be carried out.
This results in some Increase of the noise. but providing the contraction
of the wavelet Is not too severe. the signal to noise ratio is not greatly
aitered.

The filter coefticients are obtained by having the cross-
correlation of the zero phase wavelet and the input on the right hand side
of the normal equations (Robinson. 1967). Aithough s( Is realizabie.
so(t is not and therefore fo() will not be causal. In this case. only a
time delayed version of the fliter can be designed. fo(t-n), resulting in a
time delayed version of the zero phase wavelet. so(t-n), along the
seismogram. By designing the filter with various delays' applied to the
desired output., and finding the one that gives the minimum error energy
between the actual and desired output, the optimum filter can be
determined. The appropriate time shift can then be applied to the

seismogram using that delay. This process Is an extension of that attempted
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by Warren (1981) where he attempted to find the optimum delayed spiking
filter. The process., however., seems to be more applicable to data with a
narrow bandwidth as it does not alter the spectrum whereas spiking attempts
to fiatten it. Therefore. the signal to noise ratioc Is not changed. To use
the technique on the WISE refraction records. a good estimate of the signal
would have to be made from those traces close to the station and should not
be aitered throughout the process. Although some aiteration of the signal
takes place due to moving away from the station, it is feit that the poor
signal to noise ratio on many of the traces would lead to significant
corruption of the filter resulting in far poorer operation than an
unchanging fiiter.

The method described has recently been tested by Smith
(1982) on the same Mull data processed by Warren (1981). A summary of the

results is given In Section 4.3.

4.3 The Use of Matched Filtering.

The use of a matched filter to detect arrivals along a
selsmogram is a well established technique in reflection seismology using a
Vibrosels source. This Invoives the passing into the ground of a very
distinctive source signature of several seconds duration, with frequencies
increasing from 6 to 50 Hz. Whenever a reflection occurs, the same signal
is received at the surface although some modification takes place. such as
attenuation of the high frequencies. during Its passage through the earth.
The seismic records are then cross—correlated with the source signature to
identify  reflections, these being at positltons of maximum  cross-
correlation. The success of the technique relles on the fact that the
signal has a very distinctive character.. therefore correlating very poorly

with the noise. The high values of correlation can then be positively
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identifled as refiections.

In the flitering of the airgun traces, the matched filter
was used in a form that was expected to locate first arrivals where they
could not be detected by eye. As previously stated. the deconvolution
process was used in an attempt to Increase the similarity of the signal
between traces. A representative waveform was then calculated from an
average of the early deconvolved traces and used as the matched filter,
continuously updating it on moving away from the station to take account of
the changing signal shape (Section 3.5).

Even ignoring the suspect nature of the predictive
deconvolution process. a number of difficulties exist that make matched
filtering of the WISE data difficult to perform. Of utmost importance to
the success of the process Is the bandwidth of the data, in order to
provide a signal with a distinct character. This s especially important
when the traces have poor signal to noise ratios. Due to the narrow
bandwidth of the raw data. the signal does not have a character that is
unique compared to the noise. When fiitering the data. the final step
after the predictive deconvoiution was the application of a narrow bandpass
filter., between 4 and 13 Hz, to remove the unwanted frequencies that had
been introduced during the process. This immediately limits the frequency
range and hence the possibility of the signal being distinct compared to
the noise. Furthermore. the Mull-Colonsay, Jura-Colonsay and Tiree-Mull
sections show a rapid drop In the signal to nolse ratio with increasing
offset and after deconvolution, the signal no longer looks different from
bursts of noise along the seismogram. This is also noticed on the Mull-
Tiree data where the signal to noise level is low (Fig.4.5). Further away

trom the station no signal Is seen to exist. nor can It be enhanced. for
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the reasons presented in Section 4.2. These factors immediately indicate
the limited success that can be expected from the application of a matched
fllter.

in ordér to ensure correct detection, the search for the
maximum in the correlation coefficlent function along each trace was
confined to a certain range. initlally set between the onset of the
previous trace and ten samples later. This value was varted depending on
shot separation and the sampling rate of the data. it would appear that if
the waveform was reasonably distinctive, then over this range the maximum
correlation found should indicate the position of the signal with some
degree of confldence. It was noticed. however, that even when the
correlation coefficient was quite high. it was by no means indicative of a
successful detection (Attree,1982: Casson, 1982). Due to the very narrow
bandwidth of the data and similarity between the shape of the signal and
noise. correlation between the two can often be quite high. The continuous
updating of the waveform was thought to allow for its changing shape along
the line and was only used if an arrival could be positively identified.
Warren (1981). suggested that this would be the case |If the correlation
coefficlent was greater than a threshold value of 0.7, Iinhibiting the
corruption of the fiiter by the noise. Examination shows though, that the
correlation between noise and signal was often above the threshold value,
the noise then contributing to the filter coefficients and damaging the
detection process. The threshold value was then raised. but this only
resulted in the correlation coefficient never exceeding it. which suggests
that no Identifiable arrivals are present. Investigation into  using
different threshold values Indicated a trade-off had to be made between

corruption by noise and no detection at all. Neither case Is satisfactory
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for confident location of arrivals. For data with very poor signal to holse
ratios and coherent noise. such as that beyond trace 30 received at Tiree
(Fig. 4.6), very low values for the maximum correlation coefficient were
obtained for several traces followed by a high value, often above 0.8. An
examination of the raw data shows that this could not possibly be an
arrival as the traces are seen to be very similar In frequency content and
amplitude, and a high correlation with the filter would be expected on ail
traces If the signal Is present and not just on one. The high correiation
in these cases reflects an alignment between two noise trains. Such a
pattern is repeated all along the section.

The stacking of the records at their position of maximum
correlation was suggested by Warren to Illustrate correct detection by the
fiter. in that the signals shouid be enhanced when stacked whereas the
noise. being random., shouid not. It can be seen from Figs. 4.7 and 4.8
however, that it can be made to appear as if coherent events exist all the
way along the line from Tiree to Iona at different places by using
different search windows for the Ilocal maximum with a constant fiiter
length. Only the first four values for the first arrival remained unchanged
on changing the window length. This Is an Indication of the similarity
between signal and noise and that noise has corrupted the filter very eariy
on In the process. rather than that of the method’s success. Similar
rosults were obtained using the data from the second phase of WISE (Attree.
1982; Casson, 1982). Tabies 4.1 and 4.2 show how the location of the first
arrivals returned for the Tiree~Mull and Mull-Colonsay Ilines varied,
depending on the search window used. Even where the first arrival could be
detected by eye the matched fliter falled to function properly. returning

different postions of maximum correlation on the same trace for different
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Fig.4.7: Final output from processing techniques applied to data
recorded at Tiree.




10

TIREE TO IONA SEARCH WINDOW = 10

AAANANMAAAANAASANNNAAN
"——-U-———'WWVV‘V‘-“"‘-"-‘ AN AAANNAANS

I e 1 1

1 I

1

H i

1

)|

S0 100 1S0 200 250 300

Fig.4.8: Final output from
recorded at Tiree.

350 400 450 500 S50 600 650

processing

technigues

applled

to

data




Tabie 4.1

TIREE - MULL

Selected onsets in samples for different search windows

WINDOW = 7 WINDOW = 10

Shét Onset . Corrn.Coeff. Onset Corrn.Coeff.
202 37 1.000 37 1.000
201 40 0.987 40 0.987
200 43 0.976 43 0.976
199 46 0.982 46 0.982
198 49 0.859 55 £ 0.935
197 49 0.285 65 " 0.888
196 54 0.742 66 0.881
195 61 0.845 74 0.938
190 85 0.873 108 0.688
185 104 0.582 135 0.710
180 119 0.708 152 0.541
175 140 0.938 161 0.496
170 159 0.824 -~ 181 0.576
165 174 0.805 206 0.846
160 188 0.600 226 0.920
155 202 0.907 250 0.789
150 224 0.725 279 0.818
145 245 0.753 301 0.921
140 269 0.979 321 0.761
135 284 0.505 336 0.875
130 303 0.889 368 0.763
125 320 0.554 383 0.833
120 330 0.460 408 0.859
115 351 0.424 435 0.875




MULL

Tabie 4.2

- COLONSAY

Selected onsets in samples for different search windows

‘WINDOW = 10 WINDOW = 7
Shot Onset Corrn.Coeff. Onset Corrn.Coeff.
67 79 1.000 79 1.000
66 82 0.824. 81 0.882
65 85 0.952 84 0.981
64 87 0.699 86 0.798
63 89 0.886 88 0.926
62 98 0.822 90 0.856 -
61 101 0.874 93 0.983
60 104 0.534 96 0.924
55 116 0.769 108 0.849
50 132 0.699 118 0.304
45 145 0.922 127 0.897
40 153 0.543 136 0.981
35 174 0.572 148 0.961
30 185 0.772 155 0.707
25 213 0.544 169 0.667
20 223 0.543 177. 0.851
15 236 0.877 177 0.847
10 272 0.899 172 0.898




search windows.For the Mull-Colonsay data, the search window of 7 samples
was allowed to scan 3 samples back from the onset of the previous trace to
determine the maximum cross—correiation position. The fact that it found
onsets prior to that of the previous trace highlights the problems in the
method. As the process was unsuccessful where a good estimate of the signal
was avallable. confidence shouid not be placed in results returned further
along the section where the signal to noise ratio is very much lower. It
becomes evident therefore, that employing such techniques is not worthwhile
if confidence cannot be placed in the resulits obtained.

As a comparison of the application of the techniques of
Warren (1981) and the shaping filter of Smith (1982), the travel time of
explosive shot 17, fired close to airgun trace 36 from Mull was used. The
onset time from the predictive deconvolution and matched fiitering was
found to be 3.36 sec and with the shaping filter. 3.14 sec. The explosive
shot time was found to be 3.04 +/- 0.05 sec. The travel time of other
explosive shot along the line, shot 18, was poorly defined but thought to
be 5.00 +/- 0.05 sec. The application of the shaping filter to the
corresponding alrgun trace. number 63. could not shape the arrival enough
to allow the onset time to be Iidentifled confidently. The former techniques
gave an arrival time of 5.38 sec.

There appears therefore. to be a discrepancy of 0.35 +/-
0.03 sec along this section of the line between the expliosive shot travei
time and the resuits of Warren. it is thought that this Is due to the
windowing of the data about a later part of the arrival train showing
higher amplitudes in the trace when designing the deconvolution filter. and
when the matched fliter was applied. correlation took place along this

trajectory. Although there is consistency between the difference in times
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of the airgun arrivals and exbloslve shots, it does not heilp In deteétlng
the true onset times any more than constraining the raw or bandpassed data
with the explosive shots and picking by eye. The shaping filter does.
however. go some way towards piacing the peak about the onset although this
peak Is difficult to discern on many of the traces due to the band Ilimited

data used (Smith, 1982).

4.4 Conclusions.

The processing techniques described above were not developed
in their original form for determining the precise position of the onset of
band limited signais where they are immersed in high amplitude. narrow band
noise. In this respect their adaption for use on the WISE airgun data
represents misconceived ideas about their application, as lllustrated In
the previous sections. Section 4.2 has shown that the use of predictive
deconvolution is inappropriate in that the data do not conform to the
assumptions_ upon which the technique is based. it was not developed for use
on non-minimum delay wavelets, or for enhancing signals immersed in noise
of equal or greater amplitude. The matched fiitar should only be employed
if the filter can be adequately designed on a good estimate of the signal
shape. The essential prerequisite is that the autocorrelation function of
the signal has a large central peak that can be recognised above the level
of the correlation between signal and noise. This means that the fiiter
will have a high resolution. This Is difficult to achieve with severely
band-iimited data.

It is proposed that if any method of automatic detection is
to be used. then the fliter should be designed on those traces where a good

estimate of the signal can be obtained and a Wiener shaping filter used.
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Although it may be necessary to make some modification due to the changing
shape of the signal with distance. extreme care must be taken not to
corrupt the filter by noise. This cannot be achieved when using data where
cross—correlation of the noise and the signal is as high as the
autocorrelation of the signal. The basic premise for operations invoiving
digital filtering requires that data of good quality and wide bandwidth are
present. As the WISE airgun data that were required to be enhanced do not
display these properties It cannot be expected that the appiication of

these processing techniques should be successful.
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CHAPTER 5

INTERPRETATION METHODS

5.1 Introduction.

The interpretation of the data Involved the correct
Identification of phases, the determination of their arrival times and
their use in a number of techniques of analysis. The first step In the
interpretation of the expiosive shots was the construction of reduced
record sections and travel time graphs for the first arrivals. These
provided first estimates of the P-wave velocity of the layers. their dip
and estimates of the crustal layering. Subsequently, more elaborate methods
were used to give detailed information on the crustal structure. The plus-
minus method of Hagedoorn (1959) was used to delineate laterai changes In
velocity, although this was only possible where reversed coverage existed
along profiles. When such a situation did not exist. time term analyslrs was
used to provide delay times to a single refractor and determine the
velocity of that refractor.

Later arrivals on the records. such as S-waves and surface
waves are Important [n providing detalls of the crustal structure, and
wide-angle reflections are useful in obtaining values of the velocity of
the rocks overlying the refractor. For the Iidentification of these phases.
reduced travel time sectlons were used.

The interpretation of the airgun data was carried out
differently to that of the explosive shots. Travel time graphs and reduced
sections were constructed In the same way but much Iinterpretation was
restricted by thedata quality. Evaluation of the velocities along the

airgun sectlons was made at Lamont-Doherty Geological Observatory using a
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program RAYSCAN. With this. analysis of semblance along linear time-
distance trajectories after moveout by different ray parameters is made. In
addition, a program was developed to iteratively determine the depth to the
refractor and any lateral velocity variations. [t could not be used on the

unreversed lines however.

5.2 Interpretation of the Explosive Shot Data.

All the explosive shots were displayed on reduced travel
time sections to aid in the picking of arrivais and the Identification of
phases. Using first arrival times, the standard refraction Interpretation
mefhods were applied. These are well described by Dobrin (1976), Telford et
al (1976) and in previous theses (Swinburn, 1974; Smith, 1974; Armour.

1977).

5.2.1 Time-Term Analysis.

The time-term analysis technique Is presented In various
papers. Willmore and Bancroft (1960). Berry and West (1966), and Bamford
(1976). As these are readily avallable. no mathématlcal theory Is presented
here. In addition., a very useful account Is given by B3th (1976).
highlighting the approximations of the method and the pitfalis Involved in
its use.

A computer program written by Swianrn (1974) for t;se on the
IBM 370/168 was used for time-term analysis. Data input for this program
was clumsy as ail the sites had to be numbered and entered in order.
Problems arose If new data were introduced as all the sites then had to be
renumbered. Changes were made to the program to make data Input easler.
Numbering is carried out automaticaily by providing a list of the stations

In the order required at the beginning of the Input. New data can then be
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Introduced at any point of the data set providing the new site name is
placed at the correct position in the site list. Renumbering of each site
is then effectively carried out. [In addition. the matrix Inversion
operation was carried out using a subroutine from the outdated SSP
subroutine library which Is no longer supported by NUMAC and can often give
unreliable resuits. The program was aitered to use the more efficient NAG

subroutine library.

5.2.2 Minus-Time Analysis.

The recording stations and shot points of WISE. as can be
expected from the logistics of the experiment did not lle along one
straight line but were offset from the line from Barra to the mainland by
varying amounts. The normal method‘of applying a minus—time analysis to the
data couid not therefore be empiloyed as the ditference In travel times for
the shots along a section of the profile. when projected onto a straight
line. would result In erroneous velocitles being evaluated. Under such
circumstances. a different method of interpretation had to be used. Two
approaches were employed. The first method was that described by Armour
(19777 where a theoretical reduced minus—time curve is plotted for the
ranges of shots to a station pair using a reducing velocity close to the
true velocity expected for the refractor. The minus-times from this
theoretical curve are then compared with the observed. and the square of
the residuals between the two, summed. The process is carried out for
several reducing velocities and the one giving the minimum sum of residuals
squared Is deemed the best velocity to fit that station pair. This was done
for all possible station combinations to determine the velocity between the
two and thus, give an indication of change in velocity along the line.

The second method took account of the relative travel times
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between two shots in relation to a receiver pair. The detalls are given

below.

Travel time of shot 1 to station A:-
TIA = DA + D1 + XA/V

Travel time of shot 2 to station B:-
T1B = DB + D1 + XB/V

whare DA.DB = Delay time at stations A & B

D1 = delay time at shot 1
XA.XB = Distances between shot 1 and stations A & B
v = Velocity of refractor between the two shots

Stmilarly for shot 2 to stations A & B: -

T2A

DA + D2 + YA/V
T2B = DB + D2 + YB/V

Subtracting:—

TIA - T1B DA -DB + (XA - XB)/V =~ ————v 1

T2A - T2B DA -DB + (YA - YBI/V  ————- 2

i

Subtracting 2 from 1 -

(XA - YA + YB - XB)/V = Z/IN = TIA-TIiB -TZA +T28
where Z = difference in range between shots and receivers
Therefore, by using the difference in minus times and ranges of

the shots, the velocity can be determined.

Providing that the shot points are sufficiently close enough
logether that no velocity change occurs between them and that deviation of
the shots and stations from a stralght line are not too large. the method

gives a good estimate of the velocity over the small range. It is possible
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using this method to map the velocities along the line and determine
lateral changes within the refractor and the dependence of velocity on

range.

5.2.3 Ray Tracing.

After interpretation by the above techniques. a velocty/—
depth model was obtained. This estimate of crustal structure along the line
was then modeiled using the ray tracing method based on the algorithm ot
éervenf(_e_t_a_L (1974). The model was entered into the program by way of a
grid defining the velocity structure. Linear interpolation Is wused to
define the velocity variation over the line. Any interface can be modellied
by defining the coordinates In the grid. For the WISE data, the top of the
basement was entered as an Interface and variations Iin structure and
velocity within the crust., by way of changes In the velocity values of the
grid. This enabled both tlateral and verticai veiocity variations to be
modelied. The grid line spacing was varied so that both rapid and siow

variations couid be modelled.

5.3 Interpretation of the Airgun Data.

The Interpretation of the airgun data was limited because of
their quality and only values of apparent velocity close to the station
could be obtained with any confidence. Reduced and unreduced sections were
obtained at Lamont-Doherty Geological Observatory and the program. RAYSCAN,
was also applied to the data to estimate velocities. As the expected depth
to the refractor was thought to be large compared to the shot separation,
significant overlap would exist between raypaths either side of each
adjacent shot. As such, the pilus-minus method wouid not be accurate enough

in determining the true structure and therefore. an iterativemethod of
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determining the topography of the Interface was developed. The application
of the technique could not be used on the unreversed lines of WISE as
reversal is essential for the technique’'s Impiementation. The method is
included however, as future refraction lines with closely spaced shot

points may be able to use It

5.3.1 Analysis of Airgun Lines at Lamont-Doherty Geologicai Obsevatory.

The seismic processing system at Lamont-Doherty operates
with two Data General NOVA 830 and 840 computers and one ECLIPSE S5/250,
sharing eight tape drives allowing rapid transfer and processing of data.
Unreduced sections of the airgun data and sections reduced to a velocity of
6.0 km/sec were made on the system.

A method of determining the velocities has been developed by
Stoffa et al. k1981) involving the direct mapping onto the Tau-p plane of
reflected and refracted arrivals. The method. empioyed in RAYSCAN, is
described below.

The data set Is divided into overlapping arrays. the size of
which is determined by the number of traces required to give good
semblance. Care was taken not to make these too large, which would
Introduce arrivals with a differing velocity, or too small., which may not
provide enough data to calculate the semblance effectively and allows high
correlation between the backround noise on each trace. Linear trajectories
are chosen for equally spaced horizontai slowness parameters. The semblance

Is then calculated along them using the equation.

5 = Z(i ‘h:)a
N; J

Where y is the sample of the k th trace lying along the trajectory in
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the X-T plane and W is the time window centred about the trajectory.
In the program. RAYSCAN. W is set to one sample.
Semblance maxima indicate the value of the velocity at the
mid point of the array at that particular travel time. Starting with the
first alrgun trace and a pre-defined initial array size, overlapping groups
of traces are analysed until piots of semblance at ail ray parameters are
made for all arrays along the line and a measure of the change in apparent
velocity with offset Is obtained. The size of array that is used can be
kept constant or can be increased along the section to take in more traces.
It iIs common to plot the semblance values as a function of
Tau. the Intercept time. and p. the horizontal slowness. |t the layers
being examined are not planar, however, and lateral velocity variations
exist, then negative Intercept times are possible. Such a sitution was
expected for WISE and therefore. semblance was plotted as a function of ray
at the centre of each array

parameter and tra\)el—tlmq\. An example of the output from RAYSCAN s

presented and discussed In the following chapter.

5.3.2 Airgun Interpretation program.

For this method to be successful there must be a significant
amount of overlap of arrivals from one refractor recorded at stations at
both ends of a seismic line. The program uses the geometry of the raypaths,
and the travel time equation of a refracted wave which Is separated Into
its components of delays at each end of the line and travel time along the
refractor. An Iterative procedure s then used to converge on a
velocity/depth profile consistent for arrivals at both ends of the Iline.

The theory of the method Is presented below.
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The ray diagram for a refracted wave is.

<« X —>
B A '
I
.
gz |
N
|
l !
— x —b

The angle of Incidence can be related to the velocities

layers using the relationships:—

sin (D =¥].cos (=1 -|V]
Va .J Va

where, V1 = vel. of overburden

vVa = apparent vel. of refractor

The travel time from A to B is:-

T=(X=x) + 0B + z -1
Vr Vix cos ()
where. Vr = refractor velocity
x=2z x tan ()

substituting for z in 1,

T=0=x + 0B + X
Vr V1= sin ()

= (X-x) + DB + (x.Va)
Vr vie

= X + DB + x,Va-J__)
V¥ vr
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x= (T-X-08 / [va-1
VY Vr)

r

a

(va.vr - V1)

substituting for x in 1,

T=X-2ztan () + DB + 2

vr vVl cos ()
= X + DB - _zsin M) _+ z
vr Vr.cos () V1.cos ()
= X + DB + z/ 1 - A
Vr - n)m va.vr,/ [T - V1"
\vd! vd'
z= T - X -DB 1 - —\1
v vli[1-iv1*] vr (Na-vDh
Vr va

equivalent expressions can be derived for a raytravelling In the

opposite direction.

The travel times, apparent velocitles and ranges to both
stations for all the shot points are known. The velocity of the overlying
rocks is either known or estimated along with the delays at each station.
By providing an estimate of the refractor velocity, a first solution can be
obtained by solving the equations for each shot point. Figs. 5.1. and 5.2
show the type of output that will be obtained from this operation. which
involves an estimate of depth and velocity In relation to the distance
travelled along the refractor. The true velocity and depth will lie

somewhere within the shaded reglon. Using the average of the apparent
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(X=x)
Fig.5.1: Type of function derived by AGINTER. The variation in
apparent velocity of rays observed at both ends of the
line, plotted against distance travelled along the

refractor.

Depth

Range Along Refractor
(X - x)

Fig.5.2: Second type of function derived by AGINTER. The
variation in depth derived from rays travelling in
opposite directions plotted against distance travelled
along the refractor.




velocities from both ends of the line, a new eastimate of refractor velocity
can be obtained up to the point where each ray leaves the Interface. This
can then be used to calculate a new solution of the type shown. By an
iterative procedure., the velocity and depth variation can be mapped out
along the line. This method takes account of any significant overiap of
rays between adjacent shots.

The program, AGINTER. presented in Appendix 2. was written
to carry out this procedure but was not fully tested due to the lack of
suitable data. The new velocity function defined from the apparent
velocities aiong the refractor undergoes Interpolation to provide the
velocity at 1 km Iintervals along the line. This spacing may need to be
refined it it is found to give unsatisfactory resuits. Although full
testing has not been carried out. the program can act as a basis for
further development of an interpretational technique to apply to ciosely
spaced refraction data along a reversed profile using airguns or other

sources.
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CHAPTER 6

PRESENTATION AND INTERPRETATION OF RESULTS
6.1 Iintroduction.

The Iinterpretation of the data was carried out Initially in
two phases. The airgun data were examined before and after the application
of the processing techniques to determine the velocity structure of the
sedimentary basins, obtain an estimation of their depth and delineate any
lateral velocity variation within the basement. The explosive shots were
used to examine the changes In velocity and structure of the Pre—~Cambrian
basement along the line and provide time and depth estimates to the
intertace. In addition, aithough the ranges of the shots along the WISE
protile were not sufficlent to provide many arrivais from the Moho, data
from the LOWNET and Eskdalemuir stations were inciuded in an examlﬁatlon of
crustal delay times and sub—-Moho velocity.

Reduced travei time sections, constructed for ail the
exploslv; shots provided details of phases recorded. velocities along the
line and relative delay times at each shot and station point. Travel time
graphs were aiso constructed for each station to obtain initlal velocity
estimates and to determine whether particular arrivals were from the
basement refractor or deep sedlm.ents in the basins. The latter was possible
where shot separation was smallest, such as the region between Colonsay and
Kintyre for phase two. Reduced travel time graphs were also made of the
alrgun records to aid In Identifying variations In apparent velocity along
the line.

Both sets of data were then used to develop a velocity model
of the crust down to the Moho. Delay times to the basement and Moho were

obtained from time-term analysis. Velocity variations within the basement
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were determined using minus- time analysis and applying Wiechert inversion
to the velocity/distance distributions obtained. Ray-tracing was then
carried out on the model to Investigate further the crustal structure. The
ray-traced models presented are only preliminary attempts to define the
structure and test the results from the time-term and minus-time analyses.

They are not the product of a full iterative modelling procedure.

6.2 Interpretation of the Airgun Data.

The poor quality of most of the sections of the airgun
profile prohibited detailed interpretation &:\;epth and velocity structure of
the basins. Travel time sections, both unreduced and reduced were made for
gach part of the profile between Tiree and Jura. The processing techniques
were applied to all the data but due to the lack of confidence that couid
be placed in the resuits, and the fact that justification of the methods’
application to the data is not satisfactory (Chapter 4), the resuits were
not used. The airgun sections that were examined have been presented In the
previous chapters. These are the data from the middie section of the line
that could realistically be expected to be reversed. However, even élong
these sections, reversal was not achieved. The only information that could
be extracted from the data were the apparent velocities of refractors close
to the receiver station. A Ilimit was placed on the range over which
arrivals from a particular refractor could be expected and a Iimiting depth
estimate evaluated.

The apparent veliocity of each refractor was first determined
by picking the arrivais and plotting travel time graphs (Attree, 1982;
Casson, 1982). By applying RAYSCAN (Chapter 5), more detalled information

and changes In the apparent velocity were determined. Fig. 6.1 provides the
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output from the program for the Muli to Tiree section of the line for- the
receiving station at Mull for one array of traces along the line. The left
hand side of the plot shows the array used with the first trace number and
range of the mid-point. The right hand side indicates the value of
semblance at particular travel times after moveout by differentroy
parameters, these values shown at the base of the plot. The semblance
maximum is indicated. Sembiance maxima can be identified and traced across
plots of cosecutive arrays of traces indicating the changes Iin velocity
along the line. The number of traces included in the array upon which the
semblance was caiculated was increased along the profile. The size by which
the arrays were Increased depended on the range between shots: a function
involving a linear increase in range was used to increase the number of
traces. Although the velocity was determined for the mid-point of each
array, and a discrete value obtained, the variation could be plotted
against this mid-point to give a continuous function along the line. Fig.
6.2 is an example of such a function for the Mull statlon. Similar analyses
were made for each of the other sections of the line where the data allowed
It. However, the noise on many of the Mk.3 recordings limited the success
of the method as It correlated very well at numerous moveouts and hence
aliased at multiples of a particular ray parameter. Qutput from RAYSCAN for
the line between Mull and Coionsay. recorded at Mull is given In Fig. 6.3,
The mid-point of the array is only 20 traces from the beginning of the line
but noise in the semblance can be clearly seen. Although a strong peak can
be seen at travel time 2.4 sec corresponding to a ray parameter of 0.200,
interpretation of the data becomes more difficuit beyond this point. due to
the increase In noise.

Table 6.1 provides the values of the velocity for different
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