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The Deep Seismic Structure of Northern England and Adjacent
Marine Areas from the Caledonian Suture Seismic Project

A.H.J. Lewis

ABSTRACT

This thesis describes the interpretation of the deep seismic
structure from the wide-angle reflection/refraction Caledonian
Suture Seismic experiment which extends from the Mid North Sea
High across Northern England, the Irish Sea to southwest

Ireland. A new method of displaying the large number of
travel times in the form of contoured composite plots for a
particular phase has been developed. The interpretation

methods used include analysis of the wide-angle reflection
travel times, time-term analysis, gravity modelling, and, ray
tracing and synthetic seismogram modelling.

A mid-crustal gradient which returns PcP occurs between
depths of 15.0-18.5 km beneath the line and is overlain by an
upper crust with an average velocity of 6.16-6.20 km/ s
excluding sediments. This mid-crustal gradient was not
recognised previously in the Irish Sea. A lower-crustal
boundary recognised from the PmP phase occurs at 25.0 km depth
beneath the Irish Sea and at 30 km beneath the North Sea. The
average crustal velocity is 6.49-6.54 km/s excluding sediments
and for the lower crust is 6.75-6.77 km/s. The sub-Moho Pn
velocity is estimated to be 8.19 km/s beneath the Irish Sea,
8.32 km/s beneath Northern England and 8.02 km/s beneath the
North Sea. The PmP and Pn boundaries diverge beneath the
Irish Sea and define a transitional Moho over a § km depth
range with an average velocity of 7.8-7.9 /s .

The PcP and Pn boundaries correspond approximately with the
top and base respectively of the reflective deep crust
observed beneath the Irish Sea on BIRPS WINCH. The
transitional Moho beneath the Irish Sea has a reflective
character similar to the lower crust. The coincident PmP and
Pn boundaries beneath the North Sea define an abrupt increase
in velocity from 6.75 to 8.0 km/s which approximately
corresponds to the prominent reflections beneath the
non-reflective lower crust observed on the BIRPS NEC line at
10.5 to 11.0 s.

The upper crust of velocity 6.15-6.20 km/s appears to lie
below the suture beneath Northern England and the North Sea
along the line but may also occur above it further west. The
lower crust and deeper structures lie below the suture and
represent crust of the Southern Caledonides. The anomalous
structure of the Moho and upper mantle beneath the Irish Sea
found from CSSP and BIRPS may be related to the
post-Caledonian formation of the Irish Sea basins. The
reflective lower crust and transitional Moho may result from
crustal thinning produced by ductile stretching.
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CHAPTER ONE

INTRODUCTION, GEOLOGY AND GEOPHYSICS

1.1 INTRODUCTION

The Caledonian Suture Seismic Projecf (CSSP) aimed to
obtain a better understanding of the variations of crustal
seismic velocity with depth using data collected from a large
refraction experiment running from SW to NE across Northern
England than has hitherto been possible from similar surveys
in the past. Difficulties in the interpretation of previous
refraction surveys such as LISPB (Bamford 1979) were
encountered mainly due to problems in distinguishing between
the effects of lateral as opposed to vertical changes in
velocity, as both may produce similar effects on refraction
seismograms. The unique configuration of the Caledonian
Suture Seismic Project with use of both closely spaced
stations (mainly on land) and closely spaced shots (mainly at
sea) should enable lateral variations to be resolved. In
addition the line was also chosen to run along as near uniform
crustal structure considered possible striking parallel to the
Caledonian trend (SW to ©NE) and just south of the inferred
surface trace of the Iapetus Suture in Northern England. The
Caledonian Suture Seismic Project 1line does not cross any
known major geological discontinuities except for the inferred
trace of the Iapetus Suture under the Irish Sea. An extension
of the approach used for the Caledonian Suture Seismic Project
of shooting a series of along strike refraction profiles

within each Caledonian structural zone has been suggested by




Figure 1.1 Location of CSSP profile showing LISPB line and the

inferred surface trace of the lapetus Suture.
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Haworth (1981) to identify the variations in deep structures

not resolved by existing transverse lines such as LISPB.

The fieldwork and full details of the data acquisition are
described ‘in full by Green (1984) : Dbelow is a brief
description of the main features of the experiment and the
main data sets that are now held at Durham.resulting from the

survey.

1.1.1 The Caledonian Suture Seismic Project

The Caledonian Suture Seismic Project set out to
investigate the deep crustal structure under northern England
by arranging the shots and stations in a manner that could
produce. the best wide-angle reflection coverage avoiding the
problems of shallow lateral variations encountered in previous
seismic surveys. Approximately 60 stations were deployed
across northern England at 2 km intervals with 57 shots in the
Irish and North Seas at 4 km spacing (Fig. 1.1). Additional
data was obtained from two land shots, the use of airguns, the
deployment of Cambridge University Pull-Up Seabottom
Seismometers (PUSS) and the establishment of “out-stations” in
northern England, the Isle of Man and Southern Scotland. A
line length of 390 km was obtained. This was extended across
Ireland by the Dublin Institute for Advanced Studies in

collaboration with Karlsruhe University (Jacob et al 1985) +to

provide a further 51 stations, 3 more shots in the Shannon
Estuary and a further 10 shots in the Irish Sea to produce a
total line length from the Shannon Estuary to the North Sea of

755 km.



In addition to the data recorded by stations set up
specifically during the project by Durham, data has also been
acquired from the UKAEA array at Eskdalemuir and the BGS
nationwide network (including the Lownet Array). The Durham
data was digitized at Durham using the facilities of the
seismic processing laboratory (SPL) whilst the UKAEA and BGS
data were digitized at Edinburgh using the facilities of the

Global Seismology Unit of the BGS.

Green (1984) has described the data acquisition and
field-work, the digitization of the data, the interpretation
of the shallow crustal structure under the Caledonian Suture
Seismic Project line and has presented simple preliminary
models for the deeper structure. This thesis contains the
main results obtained on the deep seismic structure beneath
the main Caledonian- Suture Seismic Project line. The shallow
seismic structure is illustrated in Fig 1.2c (Bott et al

1985).

1.2 GEOLQGY OF CALEDONIDES OF THE BRITISH ISLES

Green (1984) has ¢given a detailed description of the
surface geology along the the Caledonian Suture Seismic
Project profile and immediate surrounding regions. This
description will not Dbe repeated. Instead, taking into
account that this study is concerned primarily with the deep
structure, a summary of the Caledonian geology is presented in
this section which highlights the contrasting geology and
structural history of the crustal belts of the Caledonides.

The Iapetus Suture divides these Dbelts into the Northern
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Caledonides which comprise the southern margin of Laurentia
together with accretions and the Southern Caledonides which
comprise the northern margin of Cadomia. The exact location
of +the suture cannot be pinpointed but its surface trace as
shown in Figs. 1.3 and 1.4 1is Dbased on interpretations of
palaeontological (Cocks and Fortey 1982), geological (Anderton
et al 19vY9) and geophysical evidence (Brewe% et _al 1983, Banks
et _al 1983). The Northern Caledonides consist of five main
belts each about 40 to 50 km wide which cross Britain and
Treland from northeast to southwest. They are the Hebridean
Craton, the NW Highlands, the Grampian Highlands, the Midland
Valley Belt, and the Southern Uplands Belt. The Southern
Caledonides comprise the Solway Line which consists of basins
formed along the Iapetus Suture, the Lake District Belt of
uplifted Lower Palaeozoic outcrops and the Southern Margin

region.

Anderton et al (1979) give a useful  summary of the
stratigraphy of the British Isles and Glennie (1984 ) presents
a recent succint summary of the most important events 1in the
geological evolution of NW Europe. Much of the geological and
tectonic description following is summarized from these
sources supplemented by more recent reviews (Watson 1984 &

1985, Dewey and Shackleton 1984, Soper and Hutton 1984).

1.2.1 The Hebridean Craton

The oldest rocks in +the British Isles 1lie within the
Lewisian Complex of the Hebridean Craton west of the Moine

Thrust. These rocks have locally suffered extensive reworking
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in the Laxfordian, Grenvillian and Caledonian orogenies. The
earliest nunreworked rocks are the Scourian Gneisses which
formed during the Archaean and consist of a thick series of
coarsely banded acidic to intermediate gneisses interbanded
with metasediments, basic, ultra-basic and anothositic rocks.
The Scourian suffered amphibolite to granulite metamorphism
(2900 to 2700 Ma) during the Badcallian_ metamorphic event
(Harris 1983). The Scourian gneisses in ¢general have a
chaotic appearance on small to large scales but display a weak

NW to SE grain.

Subsequent to these metamorphic events a suite of NW to SE
trending dolerite dykes with tholeiitic composition ranging
from a few centimetres to over 100 m wide were intruded
cutting across the original Scourian metamorphic fabrics.
These dykes, together with large tracts of Scourian gneisses
and small volumes of sediments were deformed and metamorphised
to amphibolite facies during the Laxfordian metamorphic event
(1900 to 1700 Ma). Intrusion of granite sheets and pegmatitic
veining qéurred within the most deformed areas of the

Laxfordian. This was followed by uplift, cooling and erosion.

The thick unmetamorphosed continental red clastic sediment
sequences of the Stoer (~968 Ma) and Torridonian (~777 Ma)
Groups were deposited in NNE trending rifts (Stewart 1982).
Cambro-Ordovician shallow shelf limestones and sandstones
unconformably overlie the Torridonian indicating a break in
the geological record from ~7v7 Ma to~510 Ma. The Moine
sediments in the Northern Highlands have been thrust over the

Torridonian and Hebridean Craton on the Moine Thrust. Butler




and Coward (1984) proposed a total westward movement of 54 km
for the Moine Thrust and small displacements on the Outer

Isles Thrust.

1.2.2 The NW Highlands

The Northwest Highlands 1lie between the Moine Thrust and
the Great Glen Fault. They are formed of mainly Moine
metasediments and are locally intruded by Caledonian granites

and associated migmatites.

The Moine Series were deposited mainly as sands and muds
with great lateral persistence. They unconformably overlie
the Lewisian Dbasement of the NW Highlands. The deformation
and metamorphism of these rocks and of the underlying Lewisian
basement yields radiometric dates around 1024 Ma and 740 Ma
(Barr et al 1985). The first event is interpreted as the
Grenvillian orogeny. The later event at 740 Ma is attributed
to the Morarian metamorphism which produced the pegmatites

visible in the Moines.

1.2.3 The Grampian Highlands

The Grampian Highlands are bounded to the north by the
Great Glen Fault and to the south by the Highland Boundary
Fault. Moine metasediments comparable to those in the NW
Highlands are interfolded with the rocks of +the Dalradian
Supergroup which consist of a 20 km thick pile of mainly
diachronous interbedded quartzites, slates and schists which

generally young to the southeast, and were probably deposited



in a shallow shelf environment.

By the . late Cambrian the deformation and metamorphism
related to the Grampian Orogeny had produced the first SW to
NE trending series of folds and faults. The crust was
initially thickened and shortened by up to 70% with the
formation of high pressure metamorphic éssemblages. These
were later overprinted by the diachronous metamorphic events
which followed 20 to 35 Ma after the period of deepest burial.
This peaked at 490 Ma in the Dalradian and at 460 Ma further
towards the northwest in the Moines. There are two main
suites of granitic intrusions, The first suite of syntectonic
"Older Granites" were intruded between 490 Ma and 440 Ma and
were accompanied by extensive migmatisation. The Older
Granites are interpreted as products of regional anatexis
related to crustal heating during the Grampian Orogeny (Watson
1984). The more voluminous and widespread “Newer Granites”,
formed between 435 Ma to 400 Ma, postdate the regional
Grampian metamorphic events. They are not found west of the
Grampian orogenic front which is marked by the Moine Thrust.
This abrupt decline of the late magmatic activity towards the
stable foreland may indicate that the partial melting and
subsequent rise of the magmas have been controlled by
tectonism above the melting zone related to the change from
ductile to brittle deformation caused by the cooling and
unroofing of the main Grampian Orogen (Watson 1984). The
Newer Granites appear not to be directly related to the

Grampian Orogeny.



The Great Glen and Highland Boundary Faults have suffered
repeated movement since late Caledonian times. The amount of
sinistral displacement along the Great Glen Fault 1is in
dispute with estimates varying from 2000 km (Van der Voo 1981)
to only 100 to 200 km (Irving and Strong 1984). Brewer et al
(1983) showed that the Flannan Thrust identified on the WINCH
deep reflection profiles and interpreﬁéd as a Caledonian
thrust in the upper mantle is offset across the Great Glen
Fault by 100 to 150 km. This and other recent results
indicate strike slip movements along the Great Glen Fault of
only 100 to 200 km during the Devonian and early

Carboniferous.

The Highland Boundary Fault also had a complicated history
of movement. Soper and Hutton (1984) and Dewey and Shackleton
(1984) suggested that there may be sinistral displacements on
the Highland Boundary Fault in addition to the well documented
vertical movements. These movements included rapid uplift to
the north during the final phase of the Caledonian Orogeny
(415 to 408 Ma) and movements during the Devonian and
Carboniferous. Movements on the Highland Boundary Fault had

ended by the late Carboniferous (Watson 1985).

Since the end of the Caledonian Orogeny, of which the
Grampian Orogeny is a part, the Grampian Highlands have
remained a stable uplifted block. Post Caledonian
sedimentation in the region was limited to the basins which
formed adjacent to the Great Glen and Highland Boundary fault
zones. For example the Orcadian Basin is filled by up to 5 km

of 0ld Red Sandstone deposits eroded from the wuplifted



Grampian and N¥ Highlands.

1.2.4 The Midland Valley Belt

The Midland Valley belt lies between the Highland Boundary
and Southern Uplands Faults. No metamorphic Dbasement is
exposed but studies of inclusions in volcénic rocks (Upton et
al 1983) indicate that a high grade ¢granulite facies
felspathic basement underlies the Caledonides mnorth of the
Tapetus Suture including the Midland Valley. Watson (1985)
and Dewey and Shackleton (1984) interpreted this basement to
be a southward continuation of the Grenvillian basement

observed within the Hebridean Craton.

The early Ordovician Ballantrae Ophiolite suite of rocks
are the earliest rocks exposed in the Midland Valley. This
ophiolite is similar in age to the ophiolites of the Highland
Boundary Complex. Several Silurian inliers of non-marine
clastics derived from the south crop out just east of the
Ballantrae Ophiolite. The earlier conglomerates comprise
plutonic, volcanic and quartzitic clasts derived from a
metamorphic basement to the south interpreted by Hall et al
(1983) as the Pre-Caledonian basement underlying the Southern
Uplands. The later conglomerates contain greywacke clasts
interpreted by Leggett et al (1983) to be deposits of a
forearc basin to the north of the Southern Uplands

accretionary prism.

The Midland Valley subsided during the Lower Devonian and

was filled by fluvial O0ld Red Sandstone deposits and by calc



alkaline volcanism. Thick lagoonal and deltaic sediments from
the uplifted areas to the north of the Highland Boundary Fault
were deposited during the Carboniferous. Tholeitic dykes and
sills were intruded at about 300 to 295 Ma. The dykes cut
across the Caledonian trend in an approximate east west
direction. The Highland Boundary Fault has no detectable
Mesozoic or Tertiary offsets and the Midlénd Valley Belt had a
post-Palaeozoic history 1linked to that of the Grampian

Highlands to the north (Watson 1985).

1.2.5 The Southern Uplands Belt

The Southern Uplands Belt 1lies south of +the Southern
Uplands Fault and north of the Iapetus Suture. It consists of
thick sequences of imbricated and highly folded mid Ordovician
to late Silurian deep water greywackes and -shales. Early
Ordovician basalts with mudstones, cherts and graptolitic
shales occur along =zones of intense imbrication on major
reverse faults. These formations have been interpreted as
ocean floor sediments accreted northwards onto the front of a
late Ordovician to Silurian accretionary complex (Needham and
Knipe 1986). Ordovician rocks up to 5 km thick dominate to
the north of the complex and there is a general younging to
the southeast where deposition ended during the late Silurian.
Locally however the sediments young to the north within each

imbricate sequence.

Early Devonian “Newer Granites"” were intruded in the
western parts of the Southern Uplands as the Criffel, Loch

Dee, Loch Doon and Cheviot plutons. Recent isotopic work by

- 10 -



Halliday (1984) highlights the low concentrations of inherited
zircons in the granite plutons south of, in comparison to
those north of, the Southern Uplands Fault. In addition, the
compositions of xenoliths found in Upper Palaeozoic and
Mesozoic volcanic rTocks indicate that shallow crystalline
felspathic granulite basement wunderlies the Caledonides 1in
Northern Britain including the Midlana Valley and Southern
Uplands. Anorthositic xenoliths found from the Southern
Uplands imply a high anorthositic composition in the basement

of the Southern Uplands.

Early Devonian calc alkaline volcanics surround the outcrop
of the late Caledonian Cheviot granite. Up to 600 m of
locally derived fluvial red felspathic sandstones and
conglomerates were deposited onto the topography of the
uplifted and eroded Silurian. The Devonian ended with the
extrusion of the Birrenswark-Kelso lavas along the southern

edge of the Southern Uplands Belt.

1.2.6 The Solway Line

The Solway Line marks the approximate position of the
Iapetus Suture across the Irish Sea and Northern England. It
is characterized by an absence of granites in contrast to the
adjacent belts to the north and south and by the 1line of
Carboniferous and Mesozoic basins. A detailed description of
the geology of the basins and troughs has been given by Green
(1984). Only the main features of the subsidence and

depositional history are described below.

- 11 -



Deposition during the Carboniferous along the Solway line
was dominated by differential subsidence of the Northumberland
trough and the formation of the Peel Basin. The subsidence in
the Northumberland Trough was initiated in the early
Tournaisian and the resulting deposition of sediments was
predominantly cyclic. Sedimentation rates kept pace with
subsidence so that deposition remained ét approximately sea
level throughout the Carboniferous. By the late Visean the
adjacent blocks subsided but differential subsidence
continued. During the Namurian, differential subsidence
ceased and was replaced by a broad regional subsidence of
basins and blocks alike (Bott et al 1984, Leeder 1982). The
estuarine marine sedimentation of the Dinantian changed
progressively towards the freshwater and brackish deltaic

sequences of the Westphalian coal measures.

At the end of the Carboniferous the quartz-dolerite Whin
Sill complex was emplaced accompanied by the intrusion of a
series of east west trending dykes. Uplift and erosion then
occurred to produce a renewed period oOf subaerial erosion

similar to that of the Devonian.

Permo-Trias sediments are found on the northern peninsula
of the Isle of Man, in the Solway and Carlisle Basins, in
southern Scotland and in Durham. The Lower Permian was a time
of sub-aerial erosion with the deposition of coarse water-lain
breccias and in the deeper parts of the basins playa type muds
and silts. In the upper Permian widespread transgression of
the Zechstein and Bakevellia Seas in the North and Irish Sea

areas deposited evaporites with, 1in the Bakevellia ©Sea,

- 12 -



interbedded continental clastic deposits. These evaporite
deposits were produced only patchily on the raised Mid-North
Sea High. In the Trias a more regional marine transgression
deposited the waterlain St. Bees and Kirklington sandstones

and the Stanwix shales in the Carlisle Basin.

A line of Permo-Trias basins extends from north to south
across the Northern Caledonides. These include the Minch,
Ulster, Solway, Carlisle and Manx Furness Basins. The
Northern and Southern Permian Basins in the North Sea area
also formed to the east. Many of these Dbasins formed by
tensional reactivation of earlier Caledonian thrusts and

faults (Brewer et al 1983).

Further Mesozoic sediments along the CSSP profile occur
mainly in the North Sea region. Approximately 45m of shallow
Upper Jurassic marine sediments are overlain by about 500 -
600 m of Cretaceous and 500 m of Tertiary sediments on the Mid

North Sea High beneath the eastern end of the CSSP line.

Extensive extrusion of basic magmas centred on NE Ireland
and western Scotland in the early Tertiary was accompanied by
the emplacement of plutonic complexes. N¥ to ©SE trending
dykes were intruded from Scotland across Northern England
along pre-existing crustal weaknesses e.g. the Cleveland Dyke
(Kirton and Donato 1985). The formation of the Tertiary
Basins to the west of Scotland and the early Tertiary

volcanism were related to the opening of the North Atlantic.

- 13 -



1.2.7v The Lake District Belt

The Lake District Belt just south of the inferred surface
trace of the Iapetus Suture is defined as the SW-NE to W-E
line including the uplifted areas of the Leinster Massif, the

Isle of Man, the Lake District and the Alston Block.

The Lake District is composed of Lower Palaeozoic sediments
and volcanic intrusions of Ordovician to Lower Devonian age.
At its northern margin the Lower Ordovician Skiddaw Group form$
a 7.5 km thick sequence of alternating graptolitic greywackes,
siltstones. and mudstones which have been folded and
metamorphosed to lower greenschist facies during the later
stages of the Caledonian Orogeny. They are overlain
unconformably by 4 km of Borrowdale Volcanics comprising
interbedded tuffs, agglomerates and rhyolitic to mainly
andesitic volcanics. 4.5 km of Silurian mudstone. siltstones

and grits overlie the volcanics.

The Alston Block basement consists of Lower Palaeozoic
rocks intruded by the Weardale granite. This is covered by a
thin sequence of up to 2 km of Carboniferous sediments
deposited during the subsidence that began in the area from
the Visean. The rocks outcropping on the Isle of Man are
mainly the Lower Ordovician Manx Group comprising 7.5 km of
interbedded greywackes, siltstones and mudstones probably
deposited in the same deep water basin as the Skiddaw Group in
the Lake District. Carboniferous and Permo-Trias sediments of

the Solway Basin outcrop in the northeast.



The granites of the Lake District yield ages from 450 to
390 Ma (O'Brien et al 1985). The Weardale Granite which
underlies the Alston Block gives an age of 410 Ma (Dunham
1974). These dates are simiar to those of the Newer Granites

of the Grampian Highlands and Southern Uplands. O'Brien et _al

(1985) concluded that these granites have sub-crustal origins
probably related to a southward dipping subduction zone and
that the Lake District Batholith has a similar mode of

emplacement to the Caledonian Cairngorm granites.

The Manx Furness Basin formed between the Isle of Man and
the Lake District in the early Permian and had an evolution
similar to the Permo-Triags Solway Basin described in the

previous section.

1.2.8 The Southern Margin

The only rocks similar in character and age to the Lewisian
observed south of the Iapetus Suture in the British Isles
outcrop within the gneissic terrain of the Rosslare Complex in
southeast Ireland and display a different evolutionary history
Pﬁm the Pre-Cambrian to the north. The only other comparable
Proterozoic basement to the south of the suture are exposed in

the Baltic Shield area to the east.

The Pre-Cambrian of the Southern Caledonides outcrops as
isolated inliers in five main areas which represent the
visible exposures of the Pre-Cambrian Craton of England and
Wales (Glennie 1984). These are the Monian sediments in

Anglesey, the Uriconian and Longmyndian outcrops in

- 15 -




Shropshire, the Malvernian and Charnian rocks of the Midlands.
The late Pre-Cambrian deformation and metamorphism observed in
most of +the inliers is attributed to a Celtic Orogenic event

which preceeded the Caledonian orogeny.

After the Celtic Orogeny sedimentation during the Lower
Palaeozoic was controlled by the presenée of the Irish Sea
shelf, the Midlands Platform and the subsidence of the Welsh
Basin. The Midland Platform was flooded at times due to a
slow progressive subsidence throughout the Lower Palaeozoic
and the eustatic rises in sea 1level which occurred in the
Lower Cambrian and Llandovery. Up to 1000 m of muds and silts

were deposited on the edges of the Platform.

The Welsh Basin had a complicated history of subsidence,
sedimentation and slight uplift. The sediments consist mainly
of turbidites, black shales, muds and silts interbedded on the
basin margins with predominantly andesitic to rhyolitic 1late
Tremadoc to Wenlock volcanic lavas and tuffs. The volcanic
activity shifted from the Lake District towards the southwest
during the Ordovician and ceased in the Welsh Basin by Lower

Caradoc times.

1.3 TECTONIC MODELS OF THE CALEDONIDES QOF THE BRITISH ISLES

The timing of the inkial opening of the Iapetus Ocean is in
dispute. Anderton (1982) interpreted the Tayvalliach
Volcanics as magmatism associated with +the initial rifting
which accompanied the separation of the Laurentian and Baltic

‘Shield areas in the late Pre-Cambrian. However, Watson (1984)
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considered that the Moine and Dalradian were deposited in an
oceanic envirqgent and suggested the Iapetus Ocean existed
from mid-Proterozoic times. Cocks and Fortey (1982) have
shown from palaeontological evidence that the Iapetus Ocean
and Tornquist Seas existed during the Cambrian. The Tornquist
Sea closed in the late Ordovician followed by the closure of
the Iapetus Ocean in the late Silurian (Fig. 1.5). The

resulting continental collisions produced low grade

metamorphism and deformation (Watson 1984).

The main observations that must be explained by any
tectonic models proposed for the formation of the Caledonides
are:

1. The diachronous deposition of the Moine and Dalradian
north of the Highland Boundary Fault.

2. The northwestward progression of the structural and
metamorphic events during the Grampian Orogeny in the
early Ordovician.

3. The change to brittle deformation and progressive westward
propagation of the Caledonian thrusts ending with the
Moine and Outer Isles Thrusts in the west.

4. The emplacement of a wide variety of Ordovician and
Silurian rocks along the Highland Boundary Fault.

5. The formation of the Southern Uplands accretionary prism.

6. The ¢trend from early Ordovician tholeiitic to mainly
calc-alkaline magmatism in the Lake District on the
northern edge of Cadomia.

7. The emplacement of the late granites during the late
Ordovician and early Devonian from the Lake District to

the Grampian Highlands and the lack of inherited zircons
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south of the Southern Uplands Fault. The emplacement of
these ¢granites in the NW Highlands, the Grampian
Highlands, the Southern Uplands and the Lake District
belts but not in the Midland Valley or the Solway Line
belts.

8. The presence of a northwest dipping lower crust under the
Southern Uplands interpreted froﬁ both deep seismic
evidence (Brewer et al 1983) and magnetic variation

anomalies (Banks et al 1983).

9. The absence of any oceanic crust under the entire British
Isles Caledonian Orogen exgpt for outcrops of small
ophiolitic complexes along the Great Glen, Highland

Boundary and Southern Uplands Faults.

Early plate tectonic models (Figs. 1.6 a to e & g)
envisaged initial southeastwards subduction under the northern
margin of Gondwanaland to create the island arc type magmatism
of the Lake District. This later gave way to northwestward
subduction under the southern margin of Laurentia to produce
the Southern Uplands accretionary prism. The Grampian Orogeny
was attributed to northwestwards subduction under the
Laurentian margin followed by continental collision in the
late Silurian. However, the early Ordovician ages found for
the Grampian Orogeny are too early to be related directly to

the final closure of the Iapetus Ocean.

Wright et al (1976) proposed that the Grampian Orogeny was

the result of the collision of Laurentia with an island arc
lying to the south of the subduction zone at the Laurentian

continental margin (Fig. 1.6f). Both this model and the
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others discussed above require oceanic crust beneath the
Midland Valley and Southern Uplands, for which there is no

geophysical or geological evidence.

Watson and Dunning (19795 suggested a variation of the
model of Wright (1976) by proposing the impingement of a
micro-continent represented by the Midiand Valley and Southern
Uplands onto the southern edge of the Laurentian landmass toO
produce the Grampian Orogeny. The subduction at the Highland
Boundary Fault zone which brought the two landmasses together
ceased and subduction began to occur to the south of the
micro-continent to form the Southern Uplands accretionary
prism (Fig. 1.6h). However, recent work has highlighted
dextral and sinistral strike slip movements within the
Caledonian belt (Phillips et al 1976, Soper and Hutton 1984,
Dewey and Shackleton 1984). It is clear that models involving
only movement perpendicular to the strike are gross

oversimplifications.

The Caledonian Orogenic belt runs from north to south
between Greenland and Norway and approximately southwest to
northeast from Newfoundland to the British Isles. This change
in direction requires sinistral strike slip between Laurentia
and Baltica (Fig. 1.7, Soper and Hutton 1984). Similarly
dextral strike slip would occur between Laurentia and Cadomia

(Fig. 1.7, Phillips et al 1976). Recent models incorporate a

combination of oblique subduction, collision and strike slip
fault movements within the Caledonian Orogenic Belt. The
sense of these strike slip movements is in dispute (Phillips

et al 1976, Dewey and Shackleton 1984, Soper and Hutton 1984).
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Sinistral strike slip probably predominafuL immediately after
the closure of the Iapetus Suture during the early Devonian
but dextral strike slip movements may have occurred along the
Iapetus Suture during Ordovician to Silurian subduction under

the Southern Uplands.

Dewey and Shackleton (1984) propoéed that the Grampian
Orogeny resulted from the conversion of a mid-oceanic ridge
fracture system into a subduction -=zone and consequent
obduction of a giant ophiolitic nappe onto the Laurentian
margin (Fig. 1.61). The resulting crustal thickening.
deformation and metamorphism might account for the early
Ordovician orogeny which took place 1long Dbefore continental

collision in the late Silurian.

To summarize, the Caledonian Orogenic Belt probably
suffered complicated strike slip movements which were possibly
dextral during the closure of the Tapetus Ocean but
subsequently Dbecame sinistral. The timing of the Grampian
Orogeny well before continental collision in the late Silurian
can be explained by the collision of micro-continents onto the
Laurentian margin or by obduction of ophiolitic nappes. The
Tapetus Ocean closed between the Lake District and the
Southern Uplands. Northward and southward subduction had
occurred along the 1line of the TIapetus suture. The late
granites may be related to the partial melting of the remnant

subducted slabs (Watson 1984).

These Caledonian features have been reactivated since the

early Devonian first by tension related to Hercynian
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subduction (Bott et al 1984) and compression caused by
continental collision and closure of the Rheic Ocean (Glennie
1984). Subsequent doming and volcanism in the North Sea and
formation of numerous Permo-Trias basins in NW Europe was
probably produced either by partial melting of the Hercynian
subducted slab under the British Isles or related to heating
events which eventually led to the rifting and opening of the
mid Atlantic by the late Jurassic. Other heating events
occurred 1in the late Jurassic and early Tertiary related to
the formation of the Rockall Trough and the opening of the
Northern Atlantic respectively. East west tension
predoninated although compression occurred at the end of the

Cretaceous during the Alpine Orogeny.

1.4 SEISMIC STRUCTURE OF THE CALEDONIDES OF THE BRITISH

ISLES

The LISPB refraction survey and BIRPS WINCH deep reflection
survey have been the largest and most detailed experiments
that have crossed the Caledonides in the British Isles. The
LISPB 1line crosses the Caledonian Suture Seismic Project
profile at about station 25 near Spadeadam on the
Northumberland/Cumbria border. The WINCH 1line crosses at
approximately shot M22 in the Irish Sea and a short segment
ran along the Caledonian Suture Seismic Project profile. The

other important surveys are summarized in Figs. 1.8 and 1.9.




1.4.1 Refraction Surveys

The Lithospheric Seismic Profile in Britain (LISPB) of 1974
(Fig.1.10) indicated contrasting crustal structures beneath
the Caledonides of Northern Britain and beneath the region

south of the Southern Uplands Fault (Bamford et al 1976, 1977.

1978 & 1979, Faber and Bamford 1979, 1581). To the north, the
upper crust is characterised by velocities of 6.1 to 6.2 km/s
interpreted as Caledonian belt metamorphics of the Moine and
Dalradian. The underlying middle crust at depths of 10 to
20 km yields velocities between 6.4 and 6.5 kmss which are
interpreted as granulite facies Lewisian basement (Smith and
Bott 1979, Hall 1978). The velocity of the lower crust is
about 7.0 km/s. The Moho deepens from 24 km under Northern
Scotland to 34 km under the Midland Valley. The sub Moho

velocity is constant at 8.0 km/s.

To the south of the Southern Uplands Fault the LISPB
results are at variance with the results of other surveys 1in
the area (Swinburne 1975, Bott et al 1984 & 1985, Green 1984

and Hall et al 1983). The upper crust as suggested Dby LISPB

consists of a maximum of 15 km of Lower Palaeozoic rocks of
velocities 5.8 to 6.0 km/s beneath a thin 1local veneer of
Upper Palaeozoic and Mesozoic sediments. Underlying the Lower
Palaeozoic a layer of velocity 6.28 km/s, significantly lower
than the 6.4 km/s layer found to the north, is interpreted as
Pre-Caledonian basement similar to the Pentevrian basement of
Brittany (Bamford 1977). The LISPB structure of the lower
crust and Moho south of the Southern Uplands Fault 1is

otherwise uncertain because of the absence of prominent
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arrivals.

The NERL line (Bott et al 1984, Fig. 1.2a) ran north to
south east of the LISPB line and used the LISPB shots. This
indicated an upper crustal velocity of 5.88 km/s which agrees
with the LISPB results. In contrast to the LISPB results,
good Moho reflections were observed wﬁich indicated a sharp
Mohc at a constant depth of 27 km under Northern England with
an underlying sub-Moho velocity of 8.05 km/s. A lower crustal
velocity of 6.5 km/s was found below a mid crustal interface
at 12 km depth. Two earlier surveys (Fig. 1.8) yielded upper
crustal velocities of 6.14 km/s in the southern Irish Sea
(Blundell and Parks 1969) and 6.12 km/s in the northern Irish
Sea (Agger and Carpenter 1964). Neither indicated a
mid-crustal interface although Blundell and Parks (1969) found
a layer of velocity 7.3 km/s at 25 km depth beneath the
southern Irish Sea. Agger and Carpenter (1964) quoted an
unreversed sub-Moho velocity of 7.99 km/s under the northern

Irish Sea.

An interpretation of the shallow structure underlying the
Caledonian Suture Seismic Project (Bott et al 1985) (Fig.
1.2¢) indicated Upper Palaeozoic and Mesozoic sequences
underlain by Lower Palaeozoic rocks of velocities between 5.5
and 5.7 km/s at depths of 0.5 to 3.0 km. A seismic basement
with a velocity of 6.15 km/s at 4 km depth underlies the
entire line except in the northeast where it remained
undetected. This has been interpreted as Pre-Caledonian
metamorphic basement at shallow depth south of, or underlying,

the Iapetus Suture (Bott et al 1985). The preliminary results
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indicated a mid crust of velocity 6.5 km/s at about 18 to 20
km under the Northumberand Trough and North Sea. This was not
recognised under the Irish Sea. The results under the entire
line yielded a wuniform crustal thickness of 30 km with an
average crustal velocity of 6.3 to 6.4 km/s. This
interpretation is grossly at variance with the LISPB
interpretations of the crust beneatﬁ the Spadeadam region

where the two lines cross (Fig. 1.2 and Fig. 1.10a).

The SUSP refraction experiment (Hall et al 1983) ran along
strike WSW to ENE across the northern part of the Southern
Uplands. A shallow near surface refractor with a high
velocity of 6.0 km/s was identified. This is in contrast to
the north/south LISPB experiment which found a velocity of
5.88 km/s beneath the Southern Uplands. The SUSP results were
combined with a re-interpretation of the LISPB refraction data
for the Southern Uplands. Three main belts 15 to 20 km wide
of high velocity (6.0 km/s) which strike parallel to the
Caledonian trend (SW to NE) were proposed separated by areas
of lower velocity (5.6 km/s). These anomalous ridges which
have no magnetic signature are interpreted as metamorphic

rocks of granodioritic to dioritic composition.

These conflicting geophysical results, taken with the
geological observations, described earlier indicate a
complicated and not fully understood crust between the Midland
Valley and the Lake District. Such lateral and vertical
heterogeneities cannot be resolved by surveys such as LISPB
which cross the main strike of the Caledonian structures.

Needham and Knipe (1986) recently attempted to reconcile the
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differing results by proposing that the Southern Uplands
accretionary prism has been obducted to the north onto the
Pre-Caledonian Dbasement of +the Midland Valley and has been
underthrust by the Pre-Caledonian basement of the Southern
Caledonides identified from the shallow results of the
Caledonian Suture Seismic Project (Bott et al 1985) (Fig.
1.2). However, the shallow blook;like structures found by

Hall et al (1983) beneath the Southern Uplands have still not

been adequately explained by any tectonic model.

The extension of +the Caledonian Suture Seismic Project
across Ireland (Jacob et _al 1985, Fig. 1.11) identified
basement at 3.0 to 4.0 km depth with velocity increasing from
6.0 - ©6.3 km/s Dbeneath southwest Ireland to 6.3 - 6.5 km/s
beneath northeast Ireland. This basement has been interpreted
as Precambrian metamorphics overlain by lower Ordovician
volcanics and Carboniferous sediments (Brown and Williams
1985). Two lens-shaped low velocity zones are inferred under
the southwestern and northeastern ends of the line. These
separate the wupper crust from a mid-crust with a uniform
velocity of 6.4 km/s. A mid-crustal interface 1is i1dentified
at about 20 km depth beneath which the lower crust has an
average velocity of about 6.8 km/s. The Moho is deduced from
the wide-angle reflections. Beneath the centre of the profile
the Moho reaches a maximium depth of 32 km shallowing towards
the southwest and northeast. The Moho beneath the southwest
end of the line is a sharp interface but it progressively
grades into a 3 to 4 km thick transition zone towards the
northeastern end. The inferred top of this Moho gradient zone

lies at a depth of about 28 km under the western edge of the
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Irish Sea. No results from analysis of Pn have been reported.
These Tesults are uncorrected for the shallow sediment delays
and probably represent the crustal structure just to the north
of the inferred surface trace of the Iapetus Suture (Fig.

1.11).

The existence of a low velocity iayer beneath southwest
Ireland has also been reported by Bamford (1972) but few other
examples of low velocity zones have been identified in the
British TIsles. The nature of the refraction method makes the
positive identification of such a layer difficult. Presence
or absence of a low velocity layer may be mainly a matter of
personal taste (Healey 1971, Jacob et al 1985 & Ansorge et al

1982) .

A large refraction experiment, similar to LISPB, crossed
the westward extension of the Caledonian Orogen of the
Newfoundland Appalachians (Fig. 1.10b). The results show
1ittle resemblance to those of LISPB (Haworth 1981). The near
surface velocities vary from 4.7 km/s in the southeast to 6.0
km/s in the northeast. In particular the high velocities of
% 4-7.7 km/s at shallow depths beneath the Dunnage and Avalon
g2ones are correlated with the subsurface extensions of the
southeasterly dipping ophiolitic gabbro sheets observed at the
surface. The upper crust yields velocities between 6.1 to 6.4
km/s. A lower crustal layer at about 25 km depth with a
velocity of about 7.1-7.4 km/s defines a lens-shaped feature
below the centre of the orogen. The sub-Moho velocity
increases from 8.1 km/s under the Humber Zone, which 1s the

equivalent of the caledonides north of the Highland Boundary
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Fault, to 8.5 km/s under +the centre of the orogen and
decreases to 8.0 km/s southeastwards under the Avalon Zone,
which corresponds to the Southern Caledonides of the British
Isles. The depth to the Moho decreases from 44 km to 30 km
southwards across the Humber Zone., then increases to over 45
km beneath the centre of the orogen and decreases further

south beneath the Avalon Zone to 24 km in the southeast.

1.4.2 Deep Reflection Surveys

The most important Caledonian structures observed on the
WINCH deep reflection sections are the Outer Isles Thrust. the
Great Glen Fault, the Iapetus Suture and the South Irish Sea

Lineament (Fig. 1.12) (Brewer et al 1983). The Iapetus Suture

is identified as a northwards dipping interface which forms
the top surface of a wedge of reflective lower crust
underlying the southern part of the westward extension of the
Southern Uplands. The whole crust is transparent under the
rest of the Southern Uplands Belt. North of the Southern
Uplands Fault some lower crustal reflections are observed
although these are not as prominent as those further to the
south. A possible change in the nature of the deep crust
across the suture may be indicated (Needham and Knipe 1986).
The Iapetus Suture is identified only in the lower crust. but

it probably surfaces in the vicinity of the Peel Basin.

Sedimentary basins such as the Peel Basin are the most
clearly imaged shallow structures on WINCH. Most of these
appear to lie in the hanging walls of thrusts produced by the

tensional reactivation of earlier compressional features such
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Fiqure 1.12 Results of the WINCH BIRPS line

(Brewer et al (1983)).
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as the Tapetus Suture and the Outer Isles Thrust (Brewer et al
1983). The variations in the nature of the reflective lower
crust, observed on all BIRPS profiles so far, show 1little
correlation with the surface geology except in the vicinity of
the Tapetus Suture. The character of the Moho 1is highly
variable. It has been interpreted as the bottom of the
reflective lower crust under the WiNCH profile across the
Irish ©Sea but wunder the Caledonian Foreland it appears as a
narrow band of strong and fairly continuous reflectors (Fig.
1.12) (Brewer et al 1983). The gravity variations due to the
Moho observed on the BIRPS WINCH and SWAT deep reflection
profiles do not correlate with the observed gravity along the
lines. Goldfinch (1985) concluded that the Moho as
represented by the base of the reflective lower crust does not

represent an abrupt density contrast.

The BIRPS North England Coast (NEC) line was shot in Sept
1985 and crosses the Caledonian Suture Seismic Project line at
about shot N8 in the North Sea and runs northwards over the
eastward extension of the Southern Uplands (Fig. 1.8). A
northward dipping feature observed in the lower crust north of
the Caledonian Suture Seismic Project 1line 1is tentatively
interpreted as the Iapetus Suture (pers. inspect.., Klemperer
pers. comm.). Its position is further south than proposed by
Banks et al (1983) from magnetic variation anomalies and by
most geological Iinterpretations. The Moho consists of a
narrow band of prominent reflections between 10.5 to 11.0 s.
There does not appear to be a well developed reflective
midcrust to the south of the suture. To the north numerous

diffractions and complicated reflections are observed between
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6.0 to 10.5 s. These observations were made from a Dbrute
stack of the NEC profile and are preliminary. They are not

publishable without the permission of BIRPS.

1.5 NATURE OF THE DEEP CRUST

The seismic refraction method aé applied to the crust
typically uses signal wavelengths of about a kilometre. The
BIRPS reflection surveys use frequencies of 10 to 40 Hz which
for a velocity of 6.0 km/s and a frequency of 20 Hz gives
signal wavelengths of about 300 m and a horizontal Fresnel
zone of approximately 3.5 km (Matthews and Cheadle 1986). The
resulting limits to the vertical and horizontal resolving
power of Dboth methods 1limits the possibility of obtaining
short wavelength details of the deep continental crust
(Smithson and Decker 1974, Smithson and Brown 1977). The
reflection method is used to detect lateral variations and
reflection interfaces whereas the refraction method can yield
velocity variation with depth within uniform blocks of crust
of sufficient size. However, to obtain well constrained
velocity structures down to the Moho for crust 30 km thick
laterally uniform regions at least 130 km long are required to

obtain reliable Pn arrivals.

1.5.1 Compressional Velocities and Rock Compositions

Interpretation of velocities obtained from refraction
experiments in terms of rock compositions is problematical.
The compressional velocities of minerals show an increase from

5.5 km/s for pure quartz through increasingly mafic minerals
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such as amphiboles. pyroxenes and olivines to over 8.8 km o
for garnet (Christensen 1982). The velocity of a particular
composition depends on the weighted mean of the constituent
minerals. In general the more mafic the composition of a rock
the higher 1its wvelocity. Temperature. pressure. porosity.
permeabililty, fabric and the presence and nature of fluid
filled fractures and cracks also havé important effects on the

velocity of a rock (Pratt et al 1977).

Table 1.1 gives a few examples of typical velocities for
rocks of varying composition. Rocks from the upper crust with
velocities of 5.8 to 6.3 km/s are generally regarded as either
low grade metasediments, acidic to intermediate igneous rocks.
or quartzo-felspathic gneisses (Hall 1978). Velocities of 6.4
to 6.5 km/s down to depths of 20 km in NW Scotland have Dbeen
interpreted as Lewisian ' granulites (Smith and Bott 1975).
Laboratory measurements at room temperature of the velocity of
granulites from the Seiland Province in Norway yield values
between 6.41 and 6.97 km/s at 6 kb which occurs at 20 km depth
(Chroston and Evans 1983). The mean velocity is 6.7 &m/s
which would decrease to 6.5 km/s at the average temperature
expected at 20 km depth. Such a velocity is typically
observed in the lower crust 1in refraction surveys (Mueller
1977). Intermediate granulites and pyroxene granulites have
velocities of 6.6 to 7.0 km/s and »7.0 km/s respectively at 6
kb (20 km depth). Amphibolites generally have high velocities
»7.0 km/s and dunites have velocities greater than 7.7 km’s

(Press 1966).
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COMPRESSI1ONAL WAVE VELOCITIES

TABLE 1.1

(see also Table 5.1)

IN ROCKS

Material Density Velocity (km/s)
( g/m? 100 MPa 400 MPa 1000 Mpa
greywacke 2.692 5.84 - 6.20
slate 2.734 5.79 - 6.22
granite 2.643 6.13 6.29 6.45
granodiorite 2.705 6.27 6.30 6.56
granitic gneiss - - 6.30 -
quartz diorite 2.852 6.44 - 6.71
diorite - - 6.59 -
acid granulites - - 6.49 -
dioritic granulite - - 6.55 -
pyroxene granulite - - 6.86 -
garnet granulite - - 7.73 -
avorthosites - - 6-80 740
amphibolite 3.120 7.17 - 7.35
gabbro and norite 2.988 7.02 - 7.24
dunite 3.277 7.817 - 8.15
eclogite 3.383 7.52 - 7.87
400 MPa Taken from Chrosten (pers. comm)
100 & 1000 MPa Taken from Bott (1982)




1.5.2 The Lower Crust

The nature of the Lower Crust is controversial. It is
observed to be electrically conductive in many areas (Hutton

et _al 1980, Banks et al 1983) and to be represented by a zone

of numerous discontinuous reflections between 15 to 30 km
depth on many de€p reflection profilés in the UK and abroad.
Typical wvelocities at such depths calculated from refraction
surveys lie between 6.4 and 6.8 km/s. This indicates an
intermediate granulitic composition if dry, but complicated
variations from acidic to intermediate gneisses to
amphibolites if wet. The presence of a free fluid phase in
the lower crust has been suggested to explain the high
electrical conductivity but Yardley (1985) indicated that such
a free fluid phase would react rapidly with the surrounding
"dry" granulite rocks to produce amphibolites. He concluded
that free fluid phases cannot exist in a granulitic lower

crust.

The reflective lower crust has been observed in Australia
(Finlayson et al 1984), in the Basin and Range of North

America (Brown et al 1986), in the Variscides of France (Bois

et al 1986) and in SW Germany (Bortfeld et al 1985) as well as

in the British Isles. Several geological explanations have

been proposed:

1. Compositional layering which can be due to metamorphic
banding (Mueller 1977 , Hale and Thompson 1982) or
underplating by basic magmatic activity (McKenzie 1983).
The reflective lower crust is observed under the Hebridean

Craton where Lewisian basement rocks lie at shallow depth.
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These rocks were formed at temperatures and pressures
expected in the lower crust. They are interpreted to lie
up to 20 km beneath the Caledonian foreland (Smith and
Bott 1975). A reflective lower crust is observed beneath
the Caledonian foreland (Fig. 1.12). There 1is no
compositional banding observed in the rocks at the surface
which could produce these refleétions. Other causes other
than compositional banding are indicated (Blundell and
Raynaud 1986).

Deformation foliation caused by ductile stretching (Bott

et al 1984, Blundell and Raynaud 1986). Bott et al (1984)

proposed that tension may preferentially stretch the lower
crust by ductile shearing to create a horizontal foliation
which might produce the observed reflections. Such
tensional stresses occurred in NW Europe during the
Hercynian Orogeny and during the rift phase preceding the
opening of the Atlantic in the Mesozoic (Blundell and
Raynaud 1986).

Anisotropic effects caused by the preferred orientation of
anisotropic minerals such as olivine (Hall 1985).
Anisotropic effects have occasionally been observed within
the continental crust and have been found in the upper
mantle beneath SW Germany (Bortfeld et al 1985). They are
commonly observed in the oceanic lithosphere (Crampin
1984).

The presence of shear zones or fluid filled cracks and
fractures.

Blundell and Raynauld (1986) showed that an apparent
reflective lower crust can be caused by offline

reflections from only a few undulating reflective
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surfaces.
The nature of the lower crust has been interpreted, from the
composition of xenoliths found in volcanic vents and lavas, to

be a complicated mixture of granulites and amphibolites (Upton

et al 1983). These represent the composition of the crust and
mantle at the time of the Upper Palaeozoic volcanism and not
at the present day. In contrast geéphysioal results indicate
the present state of the crust. The detailed composition and

nature of the deep crust are in dispute.

1.5.3 The Upper Mantle

The topmost mantle generally has a uniform velocity beneath
Britain within the range 7.8 to 8.1 km/s. Lower and higher
values are observed elsewhere (Gajewski and Prodehl 1985,

Finlayson et al 1984). Barton et al (1984) have shown that

beneath the Central North Sea the Moho as interpreted from
refraction and reflection is identical. Berkenheimer (1969)
has proposed that the Ivrea body in Northern Italy which is
composed of a complex sequence of lenticular basic and
ultramafic bodies represents a section from the lower crust
into the upper mantle. The BIRPS profiles show that the Moho
consists of a band of reflections 1in some areas such as
beneath the Caledonian foreland. However in other areas such
as the northern Irish Sea the Moho represents the base to the
reflective 1lower crust and no prominent reflections are
observed. These changes in the reflective character of the
Moho probably represent variations in the nature of the
transition at the base of the crust from rocks with

predominantly lower crustal compositions to those with mainly
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an upper mantle composition (Brewer et al 1983).

1.6 AIMS OF THE CALEDONIAN SUTURE SETISMIC PROJECT

Geological and geophysical observations indicate that the
crust and upper mantle across the Caledonides are
heterogeneous. The results of one along stiike refraction
experiment such as the Caledonian Suture Seismic Project can
only provide details of broad variations and are unlikely to
prove or disprove detailed tectonic models. A series of along
strike refraction profiles such as the Caledonian Suture
Seismic Project within each Caledonian Belt is probably the
best method to obtain comparable details of the velocity

structures across the Caledonides of the British Isles.

The primary aim of the Caledonian Suture Seismic Project
was to determine the velocity structure of the mid and 1lower
crust along the Iapetus Suture. Within this broad aim it was
hoped to answer some of the following questions:

1. Is the mid crust absent 1in the Irish Sea? Are the
preliminary  interpretations made by Green (1984) of
lateral changes in the mid and 1lower crust between the
Irish ©Sea and North Sea regions observed when all the
sections are studied? If so where does the lateral change
occur?

2. Is the sub-Moho wvelocity constant? Or as suggested by
Green (1984) is it higher under the Irish Sea? Where does
the lateral change occur?

3. How does the velocity depth profiles calculated under the

North and Irish Seas compare with the WINCH and NEC BIRPS
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lines?

Does the seismic model fit

the line?

How

Project compare with those

do the results of

Ireland?

Can

the laterally varying

the gravity variations along

the Caledonian Suture Seismic

of Jacob et  al (1985) across

results be interpreted in terms

of the position of the Iapetus Suture?
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CHAPTER TWO

DATA PROCESSING TECHNIQUES

The Caledonian Suture Seismic Project has produced an
unprecedented amount of high quality refraction data due to
the innovative arrangement of both closely spaced shots and
stations. In this chapter the main features of the

, these uncucde-
experimental design will be discussed;[the practical problems
encountered during the processing and the methods used to
display the data set which exploit the unique configuration of
the Caledonian Suture Seismic Project. The programmes

developed to process and display the data will also be

described.

The configuration of the Caledonian Suture Seismic Project
described in the introduction and in Green (1984) enables the
data to be presented in four different types of seismic
refraction sections (Fig.2.1). These are:

1. Common station sections. This type of section displays
all the shots recorded by a particular station and
highlights any variations under the shots. A common
station section will be referred to as CST60ON which is an
abbreviation for the common station section of station 60
for the North Sea shots N1-N29.

2. Common shot sections. This type of section displays all
the stations which received a particular shot and

highlights any variations under the stations. A common
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shot section will be referred to as CSH/N20 which is an
abbreviation for the common shot section of shot N20 for
the mainline stations 1-60.

Common mid-point sections. This type of section displays
all the traces given by (ST,SH) (where ST represents the
station and SH the shot) which have a common mid-point.
The closest station/shot pair defines the common mid-point
and all the station/shot pairs (ST,SH) which have a
midpoint which lies within +/- 1 km of the mnid-point of
the closest station/shot pair are plotted on the same
common mid-point section e.g. the common mid-point defined
by the trace (60,N1) is 262.56 km from M25B and the trace
(46,N8) has a common mid-point position of 262.59 km and
as this lies within +/- 1 km this trace will be plotted on
the section for CMPB0O/N1l. Using this method to 1locate
traces with the same common mid-point avoids any
assumptions about the stations having a spacing of exactly
2 km and the shots of 4 km. The +/- 1 km window is the
smallest possible given the 2 km station spacing and the
need to have enough traces to produce a useful section.
This means that -slight errors will be introduced as the
traces associated with a particular common mid-point
section will not all ©possess exactly the same common
mid-point.

Common distance sections. This type of section displays
all the traces (ST,SH) which have offsets within +/- 1 Xkm
of the distance chosen. Fig. 2.2 is a frequency diagram
of the Caledonian Suture Seismic Project station to shot
offsets. It can be seen that there are peaks at certain

of the distances and that there is a general high Dbetween
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50 km and 250 kn. This 1is expected given that most
stations 1lie close to the planned 2 km spacing and most
shots the planned 4 km spacing and that the stations 1lie
centred between the Irish Sea and North Sea shots. Only
selected common distance sections have been plotted and
those chosen are annotated on the frequency diagram. A
common distance section is referred to as CDS/98.84 which
is an abbreviation for the common distance section for the

traces with station/shot offsets of 98.84 +/- 1 km.

All four types of section have been used (Appendices A, B
and C): the common shot and common station sections were used
predominng/ to pick the travel times; the common mid-point
sections were wused mainly in the interpretation of the
wide-angle reflections from the mid-crust (PcP) and from the
Moho (PmP) whilst the common distance sections provided a
means of assessing the extent of lateral variations, although,
due to the few traces available to each common distance and
the lack of sufficient density of traces, greater use of these
sections 1in interpretating the data was limited in its

usefulness.

2.1.1 The Information Matrices

As work proceeded in plotting the data it became clear that
it was going to be dimportant to minimise +the amount of
information on details of the experiment that had to be input
from the terminal, not only to save time. but also to minimise
the opportunities for error. For example it took six months

to plot all the data in the form of common shot and common
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station sections for the first time. A suite of programmes
has been written to hold permanently much of the routine
Caledonian Suture Seismic Project information on NUMAC in the
form of information matrices with each location representing a
particular trace. (see Section 2.5.4 and Appendix P for a

complete description of the matrices).

Initially these matrices were used to hold the routine
project information such as the location of a particular trace
amid the 26 tapes held on NUMAC or the station to shot
distances but as picking of the arrival times of the various
phases proceeded (upto 3500 picks) a method of displaying all
the data at once was needed to give an overview and also to
check for errors. This was accomplished by plotting a travel
time for a particular phase and shot/station pair (ST,SH) at
locations with co-ordinates given by the respective distances
of the station ST and shot SH from M25B along the edges of a
matrix (as illustrated in Fig. 2.3). All the travel times for
a particular phase can then be presented in one diagram by
reducing these travel times to a particular velocity using the
distances held in the distance matrix and the travel times in
the travel time matrix and contouring the results. The
amplitudes of each arrival can also be presented on similar

contoured plots.

These matrices, once contoured ¢graphically. display the
main features of the data for each phase and present together
in one diagram the four types of section described earlier.
Fig. 2.3adisplays how each type of section appears in the

matrices. Fig. 2.3b illustrates how these matrices can be

- 39 -



S

& s,
"030p dSSD 9y} buisn pajjo|d ag uod 0y} SUOI}d3S (W) \n SINIT SAd //nmmz: diW)

jJo sadA} jud43) 1P N0 3Y} JO SUCI}I9I 1P By}
Bbuikojdsip DI YsSitJa] 3y} 410} x1Jjow dwi}—|8A0s} v (q)

dSSD 2Y) O} Pay0|as S1 035 YlJION 3y} Lopmhmuwmm M = meHJ Imu <0 -_nmu

044 aaueysig

Q5CW W

SW1}—(3ADJ} O moy bBuryp.ysny | woiboip yoysxs v (o) (g z)a4nbiy
aJ !
“
( o, ST WoJf 33ueysiq
RS St
—‘W c.wo_ /,o.mh 008 N o2 oo
» 4 //q%» \ N )]
h“v\la il U A M/:\ mo &é/ do-s21
N
o
\
N e
Lo [] XA
! PR \
: N
. 1 1 N
‘' 1 [
I R 4_,/ s,
m N v //
f | ! \ ! \ A I3
m RN
] ~ ] 1 \
m N \ \ b
; AN £
; gy i
- - kl - k
Ey
~ N\II
~ ‘822
A N
N
\
A\
/ .
\ 082
A
\ l
3N : { A \
2K T ) T /9 R
89CWWOu ysige—---- 095

) VIS HSIYI @)



considered conceptually as the Caledonian Suture Seismic
Project line bent to a right-angle so that the shots and
stations correspond to their position in the matrices. It is
the spatial separation of stations and shots in the Caledonian
Suture Seismic Project that causes there to be a simple
relationship between the four different types of section and
the matrices. The common distance énd common mid-point lines
in the matrices are drawn by using the equations

XSHM25 = XSTM25 + XCDS (2.1)

XSHM25 = -XSTM25 + 2 x XCMP (2.2)
where

XSHM25 - distance from M25B to the shot SH

XSTM25 - distance from M25B to the station ST

XCDS the common distance required

XCMP

the distance of the common midpoint
from M25B

The common mid-point lines run at right-angles to the common
distance lines as XSTM25 is multiplied by (-1) in the
equation for the common mid-point case and (+1) in the common

distance equation.

2.2 TAPE_HANDLING

2.2.1 The Caledonian Suture Seismic Project Tapes

26 Caledonian Suture Seismic Project digital data tapes are
held in the operators room at Durham. 22 of these contain the
original digitized traces 1in the Durham Self-Defining Tape
Format (DSDTF) and the traces can be read from tape to disc

using the two programmes TR-INPUT and TR-CSP. TR-INPUT reads
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the matrix file TR-TAPES, which contains the tapename and file
number for every trace on the DSDTF tapes, and, produces as
output two files: a source file which will mount the relevant
tapes and run TR-CSP, and an input file for TR-CSP which

contains the details of the traces to copy from tape.

TR-CSP reads the required traces 6ff tape and corrects the
relevent traces for the tape-head misalignment of the playback
tapedecks used in the digitizing process compared to the
recording tapedecks used in the field (full details are given
by Green 1984). The corrections are read from a file called
TT-TCORRECT which must be available to run TR-CSP. Each trace
is copied to two 1lines on disc: the first contains the
relevént header information needed to plot the trace whilst
the second contains the actual trace values 1n unformatted

binary format.

2.2.2 Calculation of Distances

The station/shot distancés are calculated by TR-CSP using
the routine DISTAZ which calculates the distances to an
accuracy of 1 part in 1O7using the latitudes and longitudes in
the DSDTF header block and the formula of Robbins (1962). The
distances for the common distance sections have to be changed
from the station/shot offsets to the distance of the comnmon
mid-point of each trace from M25B. This is performed by the
programme CDIST which reads the header 1line for each trace
copied to disc and alters the distance calculated by DISTAZ to
the corresponding common mid-point distance. The common

mid-point distance is calculated easily from the distances of
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the shots and stations from M25B which are all held in the

distance matrix XMAT-M25B.

2.2.3 The *FS Tapes

The task of sorting the DSDTF tapes into separate common
station and common shot sections énd a selection of common
distance and common mid-point sections has been completed. A
number of errors were uncovered in latitudes and longitudes on
the original tapes and these have been corrected on the tidied
data stored on the remaining 4 tapes (one for each type of
section). These tapes are accessed using the system
tape-utility programme *FS (Appendix B). Each file on the *FS
tapes contains one section and the files are named on the
tapes in the same format as described in section 2.1 e.g. file
CSTEON contains the data of common station 60 for the North

Sea shots.

2.2.4 Edinburgh Data

A programme TR-IGS has been written to demultiplex, decode
the time and copy from tape to disc the data digitized at the
BGS facility in Edinburgh. Each trace is copied to disc in
the same format as that produced by TR-CSP so that the
sections can be plotted using the project plotting programme
CSSPLOT. TR-IGS was used to taperead the section in Fig. 2.4
but it is recommended that the time decoding routines are made
more robust before any large-scale processing is attempted on
this data. Problems were encountered especially where the

time-code was poor.
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2.3  PLOTTING

The programme CSSPLOT plots the data read from tape either
by TR-CSP ,by TR-IGS or obtained from the *FS tapes. The
programme can be run from the terminal and will request the
user for input. Options are provided for:

1. Filtering -

2. Demultiplexing the bubble pulse or any given periodicity
in the data

3. Plotting the picked travel-times held in the travel time
matrices

4. Plotting the trace amplitudes either corrected to common

gain, equalised or uncorrected.

2.4 FILTERING AND DECONVOLUTION OF THE BUBBLE PULSE

Green (1984) showed that the frequency characteristics of
the sections depend mainly on the frequency variation at the
shots due to the depth of detonation and the size of the
explosives used. It is mnow clear that all the different
phases display a ghost arrival which appears on the sections
at the period given by the formula of Burkhardt and Rees
(1975) for the Dbubble oscillation. Attempts were made to
remove these by using the methods of predictive deconvolution
developed for vreflection seismology (Robinson 1980) and the

results are presented and discussed below.
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2.4.1 Predictive Deconvolution

Predictive deconvolution is a standard technique used in
reflection seismology for the removal of multiple
reverberations from the seismogram where they overlap with
later primaries. With a knowledge of the shape of +the
autocorrelation function of the source 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. The main problem with the method
is to estimate the autocorrelation of the waveform. 1In
reflection seismology the assumption is made that a reasonable
estimate can be obtained from the autocorrelation function of

each complete trace on the seismogram:

x(t) = s(t) * r(t) + n(t)
where X - seismogram trace
S - source wavelet
n ~ noise
T - limpulse response of the Earth

assumed to be white,random and stationary
Provided r(t) is a spike series and the source wavelet is
minimum delay an effective prediction error filter can be
designed from the normal equations, and provided the multiple
shape 1s the same as the primary, there is no alteration to

the seismogram except multiple suppression. The filter is of

the form:
P = (1,0,0,0...... :,O,—Pl.—PZ.—PS ..... ,—PN)
t=a
a = periodicity in sample numbers

- 44 -



(ngs1 warag wod) [ 31QB]

6°1 I 2RA ot a5
1°2 L°ot S€ arr
L4 €11 €€ €1
A4 8°6 8¢ az1
6°2 $°9 LS 211
0°z 0°z1 1€ VST
z°z €0t 9¢ ¥y I . .
1°2 0° 1T vE ¥El w.w “.w MN mmmm‘
A4 1°0T LE vZI . 4 5y 52 sn
6e =9 Ls T 9°¢ 0°s vL LZK
by ot % Eu o 2 2 2
e-9 s £ ven 8¢ L'e 6L yZR
£°9 8°2 £€T L PZH :. : st on
£°9 g8z PET £TH € 5 cen
£°9 8°2 PET TR 6°¢ STV mw e
8§ Lz 6T 1ZK 4 L4 8 wmz
9 Te Aw 6IH M.M v°G 69 8IN
w.m M.m oc BTH €€ $°s 89 LIN
N 2.4 &2 S 9°¢ s €L 9N
z'¢ 6 €9 STH 9°€ 6°V St STN
6°2 8'9 ce »TH £y 0°d £6 v IN
62 8°9 ce CTN vy 8°¢ 86 £IN
9°7 6L Ly ZTH S°d L€ 00t ZIN
e 9°¢ 9 TTH Sy L€ 00T 1IN
6°Z L9 95 oTH Ly 9°€E S0t 0TN
T°€ 6°S €9 M Loy 9°¢ S0t 6N
z°¢ L°s S9 W Sy L€ 0ot 8N
. . Sy L€ 00T LN
z°¢ 8°§ v9 3] ’ey P L6 9N
T°€ z°9 09 9 8¢ 3°y 18 oN
6°2 8°9 11 SH . .
9°Z 6°L LY "W 9°E 0°s VL TN
vz 8°8 14 W it 8°s v9 EN
: z°T €01 9¢ 43 H.m H.o 19 ZR
L1984 £°11 X3 ™ -----,------maa €°L 1{] N L
z (zH) (zH)
»ocwsmwum »ocw”mwum Kousnbaxyg Kouanbaia
asTng arqqnd uotIeIaqraaay (m)yadaq 0ys asTnd 3atqqng uotiexaqiraasy (wm)yadaq 3oys
*g30ys e8sg 830Yys ©ag

4sTII 2yl 103 Aouanbaxry sstnd arqqnq pue Aousnbairj uoT3IvIaqIBALY y3lxon 3yl xo03 Aousanbazz a8tnd arqqnqg puw Aouanbaixz uoriexaqiaaay



Summers (1982) has discussed the applicability of predictive
deconvolution to the enhancement of arrivals on poor quality
refraction seismograms and concluded that such an approach
fails due to the assumptions inherent in the method. A
refraction seismogram, unlike a reflection seismogram,
represents the addition of several different signals to
coloured noise and not to the convolution of a minimum delay

wavelet with a white random stationary impulse response.

The suppression of the Dbubble pulse in the Caledonian
suture Seiswmic Project for the first arrivals Pg and Pn should
be possible as both are contaminated only with noise. The
bandwidth of +the arrivals on the Caledonian Suture Seismic
Project data is from 4-12 Hz and commonly the traces appear
almost monochromatic with frequencies centred on 4-5Hz (Green
1984). Attempts were made to deconvolve the bubble pulse on
CSH/N2 for selected stations and Figs. 2.5 - 2.13 display the
results of varying the filter parameters. A number of points
can be made:

1. If +the filter is designed using a narrow autocorrelation
window, which includes only the primary and the first
bubble pulse of Pg. the bubble pulses of both PmP and Pg
are removed (Figs. 2.5 - 2.7). This illustrates that to
the prediction error filter the PmP and Pg waveforms are
similar which is not expected from wave theory: this
effect must be due to the limited bandwidth of the data.
The filter also appears to act as an inverse over the part
of the trace within a narrow autocorrelation window. An
autocorrelation window which covers the complete time

window over which reverberations are to be removed was
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found to produce the most satisfactory results (Fig. 2.7).

2. If the autocorrelation window includes only PmP and not Pg
the resulting filter removes the bubble pulse on Pg and
PmP but does not appear to suppress the reverberations as
efficiently as the filter designed with a window which
includes both phases. The PmP phase is contaminated with
reverberations from Pg and so any filter designed from PmP
would not be expected to be as efficient as one designed
on the Pg phase.

3. It was found that the filter length and addition of small
percentages of white mnoise had 1little effect. If the
wrong bubble pulse frequency was used to calculate the
predictive ¢gap 1in the filter some suppression of the
bubble pulses did occur although the action of the filter
was unpredictable elsewhere on the traces.

4. Fig. 2.8 1illustrates the effect of a prediction filter
which was designed using the trace for station 32 and
applying the same filter to the other traces. Efficient
removal of the bubble pulses occurred only on stations
near to 32 which must indicate a changing waveform due to
either wave theory . attenuation or local surface effects
near the stations.

5. Fig. 2.9 illustrates that the method works only for traces
where either PmP or Pg have amplitudes well above the
noise.

Using the parameters found to be most efficient on CSH/N2 +to

design the prediction error filter the method was applied to a

number of different shots. Figs. 2.10 - 2.11 show that the

bubble ©pulses are removed for CSH/N6 and CSH/N5 which both

have different bubble pulse frequencies than shot N2. In the
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Figure(2.10) Common shot section N5

Filtered - omplitudes equalized — vred=6.0

50; No deconvolution performed

b) Predicted deconvolution performed
Autocorrelotion window 9.3 — 4.3 s (400 samples)
Filter tength 132 samples

Prediction gap 32 samples
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b) Predicted deconvolution performed
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Filtered — amplitudes equalized — vred=f.0

§o; No deconvolution performed

b) Predicted deconvolution performed
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North Sea for shots N9-N29 no Pg phase is observed (Green
1984) and so the filter is designed over a window which
includes only PcP and PmP for CSH/N20: Fig. 2.12 1illustrates
that the PmP phase has been removed where it has an arrival
time after PcP which approximately equals the predicted gap
used in the filter. PFig. 2.13 shows that the suppression of
the bubble pulse for Pn is also possible wusing a prediction

error filter on CSH/M17.

Barrodale et al (1984) have shown that the bubble pulse

wavelets are not minimum delay and suggest an alternative
method of estimating the bubble pulse wavelets using the 11
algorithm rather than the usual method involving the minimum
phase assumption. The method wused to deconvolve the
Caledonian Suture Seismic Project sections does satisfactorily
remove the bubble pulse reverberations but routine
deconvolution was not performed due to the observation that
where an arrival lies at about the predicted time of the
bubble pulse behind another arrival it is suppressed and
removed. This means that in cases where the arrival times of
one phase are similar to a later phase the method of predicted
deconvolution will not separate the phases and so will not aid

picking: instead the later arrival is suppressed.
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2.5 TRAVEL-TIMES

The errors in the location of the stations and shots are
+/- 10m and +/- 100m respectively and the shot timing errors
are estimated to be about +/- 20 ms (Green 1984). Combining
all these errors a minimum error for any travel-time measured
will be about 40-60 ms. The picking errors for the secohd
arrivals and the Moho refractor (Pn) are estimated to be at
least 100 ms and can be as high as 250 ms although because of
the subjective nature of the picking process it is difficult

to quantify these errors precisely.

2.5.1 Correlation of Observed Arrivals

Giese (1976) discussed the problems encountered in the
picking process in refraction work and concluded that a phase
must
1. have amplitudes greater than the background noise
2. have apparent velocities that are within reasonable limits
3. be observable over a reasonable distance range

Ansorge et al (1982) concluded from a comparative study of the

different models obtained by different workers from the same

data set during the workshop of thé Commission on Controlled

Source Seismology at Karlsruhe in 1977 that

1. Most workers identified the same main phases and as a
result the main features of all the resulting models
showed broad agreement in depths to and velocities of the
main interfaces.

2. Differences 1in the models were on the whole due to

differing interpretations given to 1low amplitude and
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laterally discontinuous phases which decayed rapidly over
short distances into the background noise.

3. Low velocity layers in some models were required because
velocity gradients where none existed had been introduced
and so lower velocities were needed underneath these
gradients to obtain consistent travel-times.

4. Synthetic seismograms were found to be useful ﬁn
distinguishing between some of the models.

Three main recommendations were made:

1. Better criteria were needed for more objective and
reliable correlation of phases.

2. Improved quality and higher density data with true
amplitude recovery were needed.

3. Inversion methods for laterally varying media needed to be
developed.

Jacob et al (1985) also highlighted the problems of

correlating arrivals on refraction seismograms and noted that

any final models depend on the subjective bias of the
seismologist during the 1nitial picking of the phases

observed. Finlayson et al (1984) have emphasized that picking

the second arrivals on refraction seismograms is difficult due
to the complex nature of the wavetrain which must to a large
degree be attributable to scattering from local near surface
inhomogeneities. It is the approach described by Finlayson et
al (1984) that has Dbeen adopted to correlate the phases
observed on the Caledonian Suture Seismic Project refraction

sections.
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2.5.2 Correlation of the Phases Observed from The Caledonian

Suture Seismic Project

During the correlation of the arrivals observed on the
Caledonian Suture Seismic Project sections the main aim was to
identify only those phases which were seen consistently on
adjaéent common station and adjacent common shot sections.
There are many bursts of energy and pickable arrivals visible
on the sections but most of these appear on only a few
sections. Because of the large amount of data it was
considered at this stage to leave these ambiguous phases and
to concentrate on the four most easily identifiable and
consistent arrivals. These are:

1. The basement refractor Pg. (Green 1984)

2. The wide-angle reflections from the mid-crust PcP which
were also observed in the NERL experiment in the same area
by Swinburn (1975).

3. The wide-angle reflections from the Moho (PmP) which are
commonly observed on refraction seismograms as the arrival
with the largest amplitude.

4. The Moho refractor (Pn).

2.5.3 Travel-time Picking

The picking of the arrival times of the 4 phases was made
as objective as possible by using both common station and
common shot sections and continually repicking and replotting
the sections with the +travel-time picks displayed until a
consistent travel-time data set was obtained. On quite a few

sections the preg_¢nce of +the Dbubble pulse aided picking
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whilst on others where the bubble pulse of an earlier arrival
interfered with the first arrival of a later phase it was
found difficult to make any pick for the later arrival with

any allowable accuracy.

The travel-times were picked initially wusing the PERQ
digi£izing facilty on NUMAC and thereafter any alterations
were measured from paper playouts plotted at a scale of 4.4
Cms/s. The programme TMATCOPY was wused to write the
travel-times picked into the travel-time matrices. TMATCOPY
accepts raw data from the PERQ or travel-times in seconds or
travel-time corrections measured off the seismograms in units
of distance and will prompt the user for any input required.
The programme TMATREAD reads the travel-times in the
travel-time matrices and outputs them to a file as a list and

again prompts the user for any input required.

2.5.4 The Travel-time Matrices

One travel-time matrix was created for each phase and these
are called TMAT-PG. TMAT-PCP, TMAT-PMP and TMAT-PN for phases
Pg, ©PcP, PmP and Pn respectively. Each travel-time matrix
consists of three lines of header information and 110 lines of
formatted travel-time and travel-time error data. The first
line contains the phase name in the first four locations (A4)
and a title whilst the second and third lines consist of lists
of the stations and shots respectively. A total of 110
stations and shots can be dealt with by the programmes which
use the matrices. The travel-time for a particular trace and

phase is then stored in the matrix corresponding to that phase
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at the locations in the matrix given by the position of the
station and shot in the lists in the second two lines of the
matrix. For example 1if station ST is the second station
listed on the second line and the shot SH is the third shot
listed on the third line then the travel-time and error for
this trace (ST,SH) will be inputted to the second 1line and
third travel-time column in the mainbody of the—matrix. Each
"location” has the format 2F10.3 : which contains the
travel-time pick and its error respectively so that the
travel-time and error for trace (ST,SH) would be put into the

location on the second line given by (40X.2F10.3,2140X).

The *SURFACE2 contouring package available on NUMAC was
used to plot the travel-time matrices. The subroutine MATCOR
in programme TTCORR arranges the travel-time data in the
format required for the *SURFACE2 package by reading the
travel-times from the travel-time matrices. TTCORR also
corrects for the known shallow structure down to a datum using
the apparent surface velocities calculated as described 1in

Section 3.4.1.

2.6 AMPLITUDES

Once the travel-times of the 4 phases had been picked the
amplitudes of the wave envelopes associated with each arrival
could have been measured off the common station sections
corrected to common gain which could then have been inputted
to amplitude matrices, one for each phase, and, plotted in the
form of contour diagrams. However it was found that even

though the plotting programme CSSPLOT corrects the trace
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amplitudes to a common gain unexpected variations were found
to occur between the amplitudes of adjacent stations on a
common shot section plotted with the amplitudes corrected to
common gain e.g. Fig. 2.14 . There did not appear to be any
simple error in the field procedures that could have accounted
for these anomalies. One possibility considered was the
incorrect setting of the ampmods but the oorfecting of the
anomalous amplitudes by factors of 2 did not remove the
problem as the correction to the higher amplitude stations
varied with distance to the shots. It was found after +the
experiment that some seismometers had bent spokes (Green
pers.comm.) which may have affected both the amplitude and
frequency responses of the seismometers. Other causes could
be variations in ground to seismometer coupling or the effects
of near surface features such as the Whin Sill which may focus

the incoming seismic energy quite markedly.

It 1is concluded that this rapid variation in amplitudes is
due to either shallow near surface effects or unknown
instrumentation errors and that the production of amplitude
matrices would not provide more information than available on

the common station sections corrected to common gain.

2.7 SUMMARY

During the interpretation of any experimental data the
limitations and advantages offered by the particular
experimental design must be taken into account as must the
sﬁ?equent parameters used to process and display the data. 1In

this chapter most of the problems encountered have been
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outlined that affect the interpretation process. In summary

these are

1. The variation in depth of detonation of the explosive
shots has . produced varying source amplitudes and
frequencies;

(a) Only those shots fired at a depth of 90m were fired at
the optimum depth for the weight of charge used
(150kg). It is these shots which have produced the
largest amplitudes on the sections e.g. shots N4-N1O
in the North Sea for common station sections corrected
to common gain (Appendix A).

(b) The bubble pulse oscillations of the shots are also
clearly visible on the seismograms and must be taken
into account during the correlation of the phases
especially where two have similar arrival times.

(b) The rapid variation in amplitudes between adjacent
stations on CSH sections can only be attributed to near

surface focussing effects or unknown instrumentational

problems.

Taking 1into account the large-scale nature of the
experiment and the practical problems of running over 60
seismic stations and setting off 66 large explosive shots at
sea, two recommendations can be made for future projects:

1. Each seismometer and ampmod at a station should be
calibrated and tested before and after field use. Any
amplitude variations between traces for a common shot
section which have been corrected to common gain can then
be attributed to geological effects or coupling problems

of the seismometer to the ground once the possibilities of
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malfunction of the ampmods or seismometers have been
eliminated.

2. The weight of explosives wused should be varied as the
depth of detonation varies so that each shot is set off at
approximately its optimum depth. The optimum depth
equations are given by Burkhardt and Rees (1975) and Jacob
(1975). _

These recommendations are the minimum required if synthetic

seismogram modelling of true amplitudes on common shot

sections is to be meaningful
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CHAPTER THREE

INTERPRETATION METHODS

There are three main stages 1in the interpretation of

refraction data: these are:

1.

First +the main arrivals observed on the réduced sections
must be identified and the phases finally selected timed.
These travel-times must then be displayed in suitable
ways. Initlal preliminary models are obtained by fitting
the +travel-times along common shot and common station
directions in the matrices to the simple refraction and
reflection equations using the linear least square method.

These equations are

T=X/V+a-+ ?j (3.1)

7= x*/ vavi+ 4 x H /vav®  (3.2)

(T° = X%/ Vav?+ z? )

where T - oObserved travel-time

X -~ station shot offset

\% - velocity of the refracted phase

a - delay time under the shot

a - delay time under the station

Vav - average velocity above H at the
midpoint between the station
and shot.

H - Depth at the midpoint between

the station and shot
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The effects of the shallow structure can be assessed
from these results. The travel-times can also be
corrected for the known shallow structure above the
basement to reveal the variations due to any deeper
structures.

2. The second stage entails the processing of the
travel-times wusing the time-term technique on the
refracted phases and related methods on the wide-angle
reflections to produce preliminary models of the deeper
structure corrected for the known shallow structures above
basement. Both these methods require certain assumptions
to be made about the data and seismic structures.
Problems may occur where these assumptions are invalid;
these problems are discussed more fully in the preg_eding
sections.

5. The final stage entails the construction of a model which
includes the results from the first two stages and any
other relevent geophysical information available. This
model can then be tested and refined using the techniques
of ray-tracing and synthetic seismogram modelling until
the synthetic sections produced display the broad
amplitude and travel-time features observed on the

experimental sections.

The problems encountered in the initial phase correlations
have been described in Section 2.5.1; the methods described in
this chapter will assume a data set which includes all
relevant reduced sections corrected to common gain and all the

travel-times of the phases correlated.
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3.1 INTERPRETATION OF THE TRAVEL-TIME MATRICES

The contoured plots of the travel-time matrices (Section
2.5.4) display the main variations along the common shot,
common station, common mid-point and common distance
directions and can be used as an aid to interpretation. Thus
for a horizontal planar structure with no lateral velocity
changes the travel-time contours would be parallel to the
common distance lines. However, 1if the contours cross the
common distance lines then lateral changes in velocity and/or

variations in the depth structure are indicated.

3.1.1 Reduction of the Travel-time Matrices

The matrices which display the wide-angle reflections can
be reduced to a velocity which represents the average velocity
of the crust squared as given by the reflection equation 3.1:
the reduced travel-times squared are given by the equation:

T(reduced) - T* - ( X / vav ) (3.3)
This is analogous to the reduction of the travel-times of a
refracted phase by the equation:

T(reduced) =T - (X / V) (3.4)
The values of H and Vav in the reflection equation 3.2 give
the depth to and average velocity above the midpoint between
the station shot pair. The values of a,, gjand V in the
refraction equation 3.1 correspond to the delay times at the
station and shot respectively and the velocity of the

refracter. The matrices for refracted and reflected phases

must therefore be considered separately.



3.1.2 Travel-time Matrices for Wide-angle Reflections

The wvariations of the travel-times for wide-angle
reflections along the common distance lines on a travel-time
matrix (reduced to a reasonable average velocity and correéted
for known shallow structures) are related to the lateral
variation of the seismic structure across the range of common
mid-point positions covered by the data. Any variations in
the travel-times due to structures above the reflecting region
also show up as travel-time variations on the matrix but would
be associated with particular shot or station ranges. This
effect, 1if observed on a matrix already corrected for shallow
structure, may indicate the prescence of unknown near surface
structures. The interpretation of any variations over the
range of shots or stations where these anomalies are observed

must be treated with caution.

The effects of any structures deduced for the mid-crust on
the travel-times observed on a matrix displaying the
wide-angle reflections from the Moho are similar to the
effects of any unknown shallow structures. If the coverage of
PcP is not as extensive as that for PmP, some effects observed
in the PmP matrix that could be interpret\“gd as being due to
shallow structures may also be attributable to wvariations in

the mid-crust (Fig.3.1).
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3.1.3 Travel-time Matrices for Refractions

It is more difficult in the case of a matrix displaying the
travel-times for a refracted phase to distinguish between the
effects of variations in the travel-times due to structures in
the refractor as opposed to those due to unknown shallow
structures; both show up over particular ranges of shots, or
stations. However the effects of shallow structures are
displayed on all matrices for any type of phase at the same
range of shots or stations, and so, provided there is an
overlap in the coverage between phases it should Dbe possible
to recognise the effects of any shallow structures where they

occur.

By scanning along common shot or common station directions
on a matrix displaying travel-times of a refracted phase e.g.
Pn the gross variations in the delay times can be estimated.
For example Fig. 3.1 illustrates how a steep slope in the Moho
would show up on the travel-time matrix for the phase Pn. If
the crust were homogeneous and planar the travel-time matrices
for Pn (reduced to the Pn velocity) and the wide-angle
reflections (reduced to the relevent average velocity squared)
would have no contours displayed assuming zero observational

errors.
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3.2 TRAVEL-TIME REGRESSION

Preliminary models of the seismic structure can be obtained
by fitting the two equations 3.1 and 3.2 to the wide-angle
reflections and refractions respectively along common station
and common shot directions in the matrices. The programme
TT-REG performs +this task. The effects of varying coverage
along common shot, common station and common mid-point
directions on a matrix 1in relation to the known shallow
structural delays can produce rapid variations of the apparent
velocities and theqéore the depths to the interfaces. These
anomalous areas where coverage is not good can be located and
in the interpretation of the results obtained wusing the
methods described in the following sections care can be taken
to ensure that any anomalous results are not due to problems

of data coverage with respect to the known shallow structure.

3.3 THE TIME-TERM METHOD

The time—térm method was formulated by Scheidegger and
Willmore (1957) and has been widely used in the interpretation
of refraction data (Bamford 197Y3 & 1976, Berry and West 1966).
The travel-time equation of a head wave can be represented by
the eguation 3.2 which can be altered to the form presented by

Berry and West (1966):



t.. = D.. / V +a. + a  + d,. (3.85)

4007 ¢ Ty
where Dﬂ - 1s the distance between the normals
to the refractor from the station i
and shot Jj.
vV, - 1is the velocity of the refractor
a;, - 1s the delay time of the station
%/ - is the delay time of the shot
The delay time represents the time
taken for the refracted wave to
pass through the lower velocity cover.
(%?. - 1s the residual time not "explained”

by the equation due to measurement
errors or non-ideal behaviour of the

refractor.

For n sites (shots or stations) there are a maximum of
n(n-1) observations. If there are a minimum of (n+1)
observations (m) the (n+1) unknowns can be found by solving
the m resulting equations using the method of least squares.
The computational methods are dqéribed by Swinburn (1975) and
Summers (1982); the original time-term programme was changed
to read the travel-times from the travel-time matrices and the
erroneous errors highlighted by Green (1984) were removed from
the calculations. The capability to select particular ranges
of shots and stations to perform the calculations was also
provided. One feature of the matrix solution to the m
equations that has not been dealt with by Swinburn , Summers

m
or Green needs to be described if the time-term prograqé is to
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S
be understood and the short disription of the matrix solution
presented by Swinburn (1975) is repeated here in order +to

explain how the time-term programmes work.

The m observational equations can be written in matrix

notation as:
(AlJlal = [T] - [X]/v + [4d]

where (A] - is the m x n coefficient matrix
[a] - is the column matrix (n x 1) of
the site delay times
[T] - is the column matrix (m x 1) of
the observed travel-times
v - 1is the scalar velocity of the

refractor

Using standard least squares techniques by splitting the

matrix [al] into two by the equation:

a. = e. - *f. /v (3.86)
< 4 2

the two equations below are obtained which are independent of

the scalar v.

(Alle] (T)

(A)[f] [X]

The least squares solutions for e and f are then given by
el
[£]

(aTal" [(A1(T)

-]
[aTal [(A1(X]

Defining
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C‘:j = T‘j - e‘: - ej
Dy =Xy - & - %

the residuals are given by
d,; = C,, — Dg;
) Y J
the equation for the least squares velocity v can then be

obtained Dby differentiating with respect to v the formula for

m , m
v = 2 D‘y / 2 Cy ij
¢=l Lz

The coefficient matrix [A] contains mainly zeroes except

d

for +two ones in each row at the locations for the particular
shot and station (i,j). This property can be exploited to
formulate the square symmetric matrix [AA] directly from the
input without the need for matrix algebra. The total number
of times staticn i and shot j are linked by a travel-time can
be counted and input to the location [AAJ(i,j) and [AA)(j,i).
The total times a site(i) is used can also be input directly
to the location [AA]J(i,i) so that the diagonal in [AA]

represents the number of times any site is used.

5.3.1 The Assumptions in the Time-term Method

The assumptions used by Berry and West (1966) in deriving

the time-term equation are

1. the wvelocity of the refracting interface is nearly
constant

2. the range of dip of the refractor is slight (+/- 10
degrees)

3. the curvature of the refractor is slight

4. the velocity above the refractor beneath any site is a
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function of only the depth to the refractor.

Bamford(1973) showed that iteration of the first solution
to obtain better estimates of D using the calculated refractor
topography. rather than using the station shot offset X. could
improve the solution where assumption 2 is not thought to be
valid. Swinburn (1975) found that iterétion did not improve
the time-term solutions for the NERL experiment and that the
iteration process became unstable when badly constrained or
poor data was used. Whitcombe and Maguire(19v9) showed that
for iteration to be stable the structure of the overburden

must be accurately known.

Whitcombe and Rodgers (1981) and Whitcombe and Maguire
(1979) have summarised the limitations of the time-term method
due to the above four basic assumptions. In summary these
limitations are:

1. Non-iterative travel-time solutions yield overestimates of
the refractor velocity over anticlinal structures and
underestimates over synclinal structures.

2. Synclines and velocity gradients below the refractor
produce equivalent estimates: any solutions probably lie
between the two extremes.

3. The relative length of the profile to any structural
wavelengths of the refractor may affect the solutions
obtained and still not show any signs of lack of fit. The
effects vary depending on the station spacing, the profile
length and the structural wavelengths of the refractor:

a. If the structural wavelengths are greater than the

survey 1length then any lack of fit may not show up
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even if the solution is almost totally incorrect.

b. If the structural wavelengths are less than the survey
length but greater than the critical distance any lack
of fit of the solution will be correlated with the
structural amplitudes of the refractor surface.

c. If the structural wavelength is less than the critical
distance but greater than the station spacing no lack
of fit will be observable even though the refractor
topography is probably distorted.

d. If the structural wavelength is less than the station
spacing the misfit of the solution will appear as
noise in the residuals.

4. Non-iterative time-term results can produce apparent
anisotropies due to wundulating refractor topography

(assumption 2). Even though the fit appears to be good

the solution is non-unique.

Barton and Wood (1984) and many workers in the past have
found a large scatter in the results for the structure of the
Moho when using the time-term method to interpret Pn
travel-times. This scatter is due to the varying near-surface
effects and also the problems associated with the
oversimplified assumptions inherent 1in the method. The
solution time-terms can be corrected for the known shallow
structure using the formula given by Swinburn (1975) or given
in the programme TTERMC. The solution velocity calculated by
the time-term method is affected by the shallow structure
especially if there are any progressive delays varying
laterally under the shots or stations. This effect can only

be removed by correcting the travel-times down to a datum
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below the shallow structure before using the time-term method.
The resulting velocity calculated can not then be due to
shallow structural variations although variations below the

datum may still affect the solution velocities.

In conclusion the results from any time-term analysis of
refractions must be interpreQ\de with care and not treated as
final. This 1is important for the processing of the Pn phase
on surveys such as the Caledonian Suture Seismic Project where

there is no true reversal on most of the refractor interface.

3.4 THE ANALYSTS OF WIDE-ANGLE REFLECTION TRAVEL-TIMES

Wide-angle reflections from the base of the crust are
usually the most prominent arrivals observed on refraction
seismograms and are seen more consistently than the
corresponding head wave Pn. Bamford (1978) formulated a
technique for the analysis of wide-angle reflections using a
method similar to the time-term approach for refractions by
solving the approximate f@X&relationship for reflections in a
homogeneous one layered Earth. The use of the T5X&equation is
a simplification: taking any realistic Dbut still simple
structure such as a multi-layered horizontally plane-layered
structure the equations become very complicated: the
parametric equations for such a model are given by Robinson

(197Y0) and can be written:

L4}

X(n,qi) = 2 sin(® ) 25 z; v./ 8, (3.7)
T(n,84) = 2 vy éz z; / (v; §:)
- - . 2 ]VL
where S =10 v, - (v sing;)
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n - the subsurface is composed

of n homogeneous layers

v, - the velocity of ith layer
Zg - the depth of the ith layer
%_ - the take off angle of the ray at the

surface which reflects at the bottom

of the nth layer

X(n,B, ) - horizontal distance on the surface
travelled by the ray
T(n,8,) - time taken by the ray to leave and

return to the surface having been

reflected from the bottomof the

nth layer
T and X can be related by a series expansion given by Bamford
(1978) which contains complicated velocity/layer depth
relationships and so cannot be solved for the terms z*and
(1/v¥  In the T°/ Xzequation these two terms are independent
and so can be determined from a T?Xaanalysis. The effects of
dips, refractions and inhomogeneities in the layers above a
reflection =zone can only be treated by ray tracing (Cerveny

1974).

Bamford (1978) corrected the wide-angle travel-times down
to a datum within the layer immediately above the reflection
zone using the known preliminary structure above the datum.
However, it is probably only realistic to correct for the
known shallow structure down to a datum just below the
basement refractor; corrections to a deeper datum will
propagate errors (due to inaccuracies in the preliminary

structure between the deeper datum and the basement) into the
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calculated reflecting interface.

3.4.1 Corrections to a Datum

Fig. 3.2 illustrates the variables used to correct to a
datum below the varying shallow structure taken from Green
(1984). The eguations for the travel-time correction (dt) and

the distance correction (dx) are:

dt = h, [ 1/(v,cos8,) - 1/(v,cosB, ) ] + h,/(v,cos6,)]
dx = h (tan6, - tand, ) + h tang, (3.8)
where
h = a3v, v,/ ( vl - v,l)./L
cosg, = (1 - vf/cz)
cos8, = (1 - v, /c*)
tand, = v /(c*- V})
tand, = v, /(ct- vi)
where B
v, - velocity of the sediment cover above the basement
(Calculated from the results of Green (1984))
v, - refractor velocity of the basement (Green 1984)
¢ - the apparent surface velocity over the shot

or station
h, - depth to the basement
- time-term for the basement (Green 1984)

hd - datum depth
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The correction is applied to both the stations and the
shots. The positions of each shot and station relative to
M25B also change as well as the offsets and travel-times.
This means that on the travel-time matrices the locations for
each travel-time shifts appropgately as the positions of the
shots and stations shift on the axes. The apparent surface

velocities are calculated along common shot lines for the

stations and common station lines for the shots.

3.4.2 Inversion of the Wide-angle Travel-times

To derive the equations needed to solve equation 3.1 for
the terms € and 1/v®an approach similar to that used for the
time-term method can be wused. If there are m travel-time
observations then the complete data set can be represented by

the matrix equation

(a1(2Y - [T] - [K)/vP
where M - is the number of common mid-points
covered by the data
[T] - is an M x m travel-time matrix
[¥) - is an M x m distance matTrix
(] - is an M x 1 matrix containing the

two-way reflection travel-times squared
[A] - is the M x m coefficient matrix
The coefficient matrix consists of m rows each containing a
single 1 at the location corresponding to the common mid-point
r for the particular shot/station pair used to measure the
r

travel-time. The maqéx [ATA] is a diagonal matrix where each

value on the diagonal gives the number of travel-times
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observed N(r) for each mid-point r=1...M. The inverse of a
matrix such as [ATA] is a similar diagonal matrix with each
value on the 1leading diagonal given by the inverse of the

corresponding terms in the original matrix. Defining

(] = [a)] - [bl/v?E
then

(al = [(a7aTTA" 1T

[(b] = [ATATIA (XY

The multiplication of (A7) with [T] gives the sum of all

squared travel-times for each common mid-point so that for

common mid-point T

() N
a = (1/N(r)) Zi Trn

nei

b, = (1/N(r)) “g XTn

and

Z, =a.- b /v?

Substitution into the original equation

2
Trn

2 2 2
Xrn/v "+ a,- br/v + dr

defining
Z
Crn = Trn + a,

2
Drn = Xrn - be

then the sum of the residu?ls I is given by
sy M

I = ( Crn - Drn/v%)
o ne!

This equation is the same as that for the time-term method and

the least squares velocity can be obtained using the equation

Nt Ni
2 z
v = i ZJ/ Drn / g ZCrn.Drn

rs! nal 1 nzl

and using this velocity the depth h can be found from the

equation



hr = 2TV
The equations for the solution uncertainties are similar to
the formulae derived by Berry and West for the time-term
method. The equations can be modified for lateral velocity

changes and for slight velocity gradients above the reflector

in the same way as 1s used for the time-term method.

5.4.3 Assumptions of the Wide-angle Reflection Method

The main assumptions in the method are:

1. the angle of incidence at the reflector is much greater
than the dip of the reflecting interface. Bamford (1978)
calculated that provided the dips of the reflector are
less than +/-10 degrees the correction for the dip does
not have to be applied.

2. the velocity structure above the reflecting region is
homogeneous.

3. the station/shot offset X 1is a good estimate of the
distance D between the normals to the interface from the
station and shot.

4. the mid-point between the station and shot is a good
estimate of the position of the reflecting point on the

interface.

The theoretical fold for each common mid-point varies as
illustrated in Fig.3.1. The actual fold will be less than
these values as any phase is only observed over particular
distance ranges. The actual fold for each mid-point can be
estimated from the travel-time matrices with the data points

displayed.
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The main disadvantage of the method 1is that it
preferentially weights the travel-time observations made at
large offsets due to the distance squared term X% These are
commonly the travel-times with the largest picking errors and
these errors will be propagated into the calculated velocities
and depths. To avoid this problem the equation 3.1 could be
solved using non-linear optimisation techniques to obtain

solutions for the two terms € and 1/v%
3.5 MODELLING

Modelling of the refraction sections was carried out using
two synthetic seismogram packages. SYNSEI uses the
reflectivity method formulated by Fuchs and Mueller (1971) as
modified by Kennett (19vY5) to take into account shallow
structural delays above the reflection zone. SEIS83 is Dbased
on generalized ray theory and was written by Cerveny and
Psencik (1977). The programme RTOl was also used and is

described by Green (1984).
3.5.1 SEIS83

The package SEIS83 calculates travel-times and amplitudes
in a laterally varying structure and has the capability of
dealing with vanishing layers and sharp lateral structures
such as faults (Cerveny 1985). The complete package was
obtained from Cambridge University and no major problems were
encountered during its implementation onto the mainframe at
Durham. The documentation attatched to the package 1is

extensive and held in the file GPT9:SEI83.DOC: additional

- 73 -



documentation describing the implementation at Durham 1is
presented in Appendix D. All the programmes in the package

are suffixed by S83- and are held on GPTO.

There are five main steps involved to produce a synthetic
model:

1. The initial 2-d velocity model 1is smoothed wusing the
programme SMOOTH

2. The programme SEI83 uses the output from SMOOTH together
with the input of the interfaces and station/shot
positions to calculate travel-times and amplitudes of the
rays requested.

3. The travel-times and model can Dbe plotted wusing the
programme RAYPLOT.

4. The synthetic seismograms are calculated using the output
from SEIS83 and input of the source parameters by the
programme SYNTPL which produces output 1in the format
required by the project plotting programme CSSPLOT.

The main limitations of the ray theory method used by SEIS83

are

1. For crustal studies there 1is a shift of the singular
(critical) points to nearer offsets by 10 or more km
(Cerveny 1977, Gajewski and Prodehl 1985)

2. Only the rays requested in the input are calculated so
that P-S conversions and full multiple reverberations are

not produced.
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3.5.2 Reflectivity Method

In contrast to methods wusing ray theory (which are
time-domain techniques) the reflectivity method calculates the
synthetic seismograms in the frequency domain: the integration
of the reflectivity of a layered medium is carried out in the
horizontal wavenumber (angle of incidence) domain.
Multiplication of the reflectivity matrix with the source
spectrum and inverse Fourier transformation yield the
selsmograms for the displacement components. The programme
SYNSEI has been modified by Kennett (1975) to permit different
upper surface structures above the reflection zone at shots
and receivers: only elastic attenuation and time shifts are
calculated for these layers. The main limitations of the
method are
1. No lateral variations in the reflection 2zone are

permitted.
2. There is a restriction to real angles so that surface
wvaves are excluded. (Fuchs and Mueller 1971).

]

3.5.3 Modelling of the Caledonian Suture Seismic Project Data

The ray theory method must be used to model inhomogeneous
structures. The reflectivity method should be used to study
in more detail particular areas of the laterally varying
structure deduced from SEIS83 modelling and to check the
positions of «critical points and frequency effects. The
reflectivity method has been found to take about 30 percent
longer than SEIS83 to produce final synthetic sections.

Gajewski and Prodehl (1985) and Barton and Wood (1984) have
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suggested that the synthetic seismogram modelling of the
amplitudes on refraction seismograms should not be expected to
yield exact agreement as much of the variations observable in
the amplitudes depends on local near surface effects as much
as on the deeper structure. To avoid +this problem Gajewski
and Prodehl (1985) have suggested that the amplitude ratios
between Pg and PmP should be modelled. This type of modelling
has not yet been tried on the Caledonian Suture Seismic
Project data but such an approach may avoid the problems of
the rapid variations in amplitudes observed on the common shot

sections described in section 2.6.
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CHAPTER FQOUR

RESULTS

4.1 INTRODUCTION

This chapter presents the results obtained from the
interpretation of the travel-time matrices and from the
forward interpretation techniques wusing the time-term and
related methods described in Chapter 3. 82 common station
sections (Appendix A) and 58 common shot sections (Appendix B)
were used to pick the 3414 travel-times for all phases; 558
for Pg, 688 for PcP. 1424 for PmP and 734 for Pn. All these
travel-times are displayed on the sections in Appendices A and
B. Appendix C contains all the common distance and common
mid-point sections, and also, a vrepresentative selection of
diagrams illustrating the typical fits of +the wvarious
travel-time branches to equations 3.1 and 3.2 together with a
set of summary plots of the complete regression analysis for

cach phase.

The description of the results follows the order used in
Chapter 3. The variations in travel-times observed in the
travel-time matrices are described and qualitative
interpretations are made. The results from the wide-angle
reflections are then presented followed by the time-term
results. A final model 1is deduced which Dbest fits the
travel-times of the phases observed. This model is used as a
starting point in the modelling stage of the interpretation

process presented in Chapter 5.
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4.2 INTERPRETATION OF THE TRAVEL-TIME MATRICES

Each phase is described in turn for the Irish Sea and North
Sea respectively. All the matrices described in Section 3.1
are presented both uncorrected and corrected for +the known
shallow structure. Each corrected matrix has an overlay (Fig.
4.1) onto which is drawn representative common distance and
common mid-point lines. The travel-time variations can be
observed on the sections in Appendices A to C as well as on
the travel-time matrices. The picking errors are estimated to
be better than +’- 0.1 s for first arrivals and at 1least +/-

0.1 s for second arrivals.

The travel-time matrices for the phase Pg are displayed 1in
Fig. 4.2. The delays due to the Solway Basin show up over the
shot range M1 to M14 (102 to 47 km from M25b). The delays due
to the Carlisle Basin show up over the station range 1 to 20
(129 to 170 km from M25B). These delays overlap in the
travel-time matrix for Pg in the Irish Sea in the bottom right
hand corner (Fig 4.2a). The disappearance of the phase Pg can
be seen on Fig 4.2b at about the position of shot N1l in the
North Sea. This phase has been treated 1in full by Green

(1984).

4.2.1 The Travel-time Matrix for PcP for the Irish Sea Shots

This phase 1is difficult to observe on the sections due to
the reverberations in the Solway Basin but 1is best seen on
CST8 M about 0.3 seconds behind Pg for shots M10-M16 (Appendix

A). The contours in Fig. 4.3a are parallel to the common
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distance direction which indicates no major lateral variations
in structure. The travel-time picking errors for PcP in the
Irish Sea are 0.10 to 0.25 s which give errors from 4.0 to
10.0 s for the travel-times squared for a travel-time of
around 20.0 s. The contour interval used 1in the matrices
displaying the <travel-times squared 1is 2.50 sthioh lies
within the error range. To the degree of accuracy possible it

appears that the PcP reflecting interface must be interpreted

as nearly horizontal.

4.2.2 The Travel-time Matrix for PcP for the North Sea Shots

The PcP phase in the North Sea 1is observed over common
mid-point ©positions from 200 to 365 km from M25B and at
station to shot offsets from 30 to 125 km. It is a first
arrival for shots N9 +to N25 for most stations and so the
travel-time picking errors are more accurate than for PcP in
the Irish Sea. The contour interval used is 0.1 s in Fig.
4.4a and 2.5 s-in Figs. 4.45 and 4.4c. Three main features
are observed on the traveiLmatrix for PcP (Fig. 4.4b):

1. The feature 1labelled A represents a decrease of the
travel-times east of the common mid-point position 250 km.

2. The feature labelled B on the matrices displaying the
travel-times squared (Fig. 4.4b) is a delay over the shot
range N20 to N25 (which lie 348 and 371 km from M25B).

3. The feature labelled C 1is -a rapid increase in the
travel-times from shot N14 to N20 (which lie 322 to 348 km
from M25B).

All three features remain after correcting for the known

shallow sediment delays down to a datum at 6.0 km depth (Fig.
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4.4c). It can be concluded that:

1.

Feature A is an abrupt decrease in travel-times from the
common mid-point positions of 250 to 275 km caused by
either an increase in the average crustal velocity or a
rise in the mid-crustal interface.

The area over which feature B 1is observed displays

scattered travel-time points in Fig. 4.4c which indicates-
that the corrections for the known shallow structure have

been applied adequately. This feature is possibly due to

unknown near surface structures. The delays in the

travel-times occur over a shot range which coincides with
the position of the offline granite identified by Donato
et al (1982) from a gravity interpretation of the area.

Green (1984) also identified a lower velocity under the

shots east of N11. It appears that this lower velocity 1is

limited to the shot range N20 to N25.

Feature C is caused by the deepening of the 5.6 km/s
layer identified by Green (1984) at a common mid-point

position of about 310 km (Fig. 1.2). The apparent

velocities above the feature are higher on 1its western
side but lower on its eastern side at values less than
6.15 km/s (the'basement refractor velocity). This means
that the square root term in the equation used to correct

for the shallow sediment delays (equation 3.8) Dbecomes
negative and the correction method breaks down. To avoid
this problem the apparent velocity is set equal to the
basement velocity plus a small increment of 0.1 km/s where
it is less than the basement refractor velocity. The grid
pattern of the positions of the travel-time data points

displayed in Fig. 4.4c around feature C result from using
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the same apparent velocities equal to the refractor
velocity plus the increment of 0.1 km/s. The positions of
the stations and shots all have similar distance
corrections applied so that the original grid pattern
observed in Fig. 4.4b is preserved in Fig. 4.4cC. Feature
C 1is not adequately removed by the correction routines

over the shot range N14 to N20.

4.2.3 The Travel-time Matrix for PmP in the Trish Sea

PmP for the Irish Sea shots is observed over the common
mid-point positions 60 to 180 km and at station to shot
offsets from 75 to 225 km (Fig. 4.5). The coverage from
station 8 to 30 is poor. The contour lines 4o not run exactly
parallel to the common distance direction in Fig. 4.5a. For
instance the travel-times along CDS/150.0 km decrease from
CMP60- M1 to CMP1/M25B by about 0.35 s. This may indicate a
rise in the Moho or an increase in the average crustal
velocity towards the west. Two main features are visible in
Fig. 4.5b:

1. The feature 1labelled A is an abrupt eastward increase in
the travel-times which occurs for all stations in the
viecinity of shot M14 (47 km from M25B). This marks the
western edge of the Solway Basin and the feature 1is
effectively removed by correcting for the known shallow
structure (Fig. 4.5c).

2. The feature labelled B is a local increase in travel-times
observed for arrivals from shots M10 to M14 which lie 4%
to 65 km from M25B on the western side of the Solway

Basin. This feature 1is accentuated by applying the
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correction for the shallow structure (Fig. 4.5c). This
feature is also observed on the corrected travel-time
matrix for the phase Pn in the Irish Sea for the same
shots (Fig. 4.7c). The PcP travel-times did not cover
these shot ranges adequately but the PcP interface has
been interpreted as being flat implying that the feature B
originates below the mid-crustal interface or is due to aﬂ
undetected structure on the mid-crustal interface or above
it. The travel-times were difficult to pick for shots M1
to M14 because of the interference of the two wide-angle
reflection phases PmP and PcP (see picks displayed on
sections 1in Appendices A and B). In addition the
amplitudes of all the phases are reduced for shots M1l to
M14 possibly due to spurious interference and defocussing
effects caused by the westwards shallowing of the Solway

Basin (Appendix A).

4.2.4 The Travel-time Matrix for PmP in the North Sea

PnP in the North Sea 1i1s observed over common mid-point
positions from 145 to 375 km and at station to shot offsets
from 60 to 200 km. The problems encountered during the
correction for the known shallow structure of the PcP phase in
the North Sea over the rise in the 5.6 km/s layer (Section
4.2.2) are not encountered for PmP because of the higher
apparent velocities which are all greater than the basement
refractor velocity. The contour lines are slightly oblique to
the common distance lines. The travel-times along the common
distance directions decrease from CMP60/N29 to CMP60/N1

indicating either a westwards rise in the Moho or increase 1in
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the average crustal velocity. Comparable delays to that
observed for shots N20 to ©N25 for PcP (labelled B in Fig.
4.4c) are not clearly visible in Fig. 4.6c due to the greater

picking errors in the travel-times for PmP.

The feature labelled A on Fig. 4.6¢Cc is interpretated as the
expression of_the step in the mid-crust deduced from PcP (Fig.
4.4c). It is observed over the common mid-point range 250 to
225 km for PcP. For PmP 1t appears across the common
mid-point positions from 235 to 260 km as a flat area within a
general decrease 1n the travel-times across the common
mid-point positions from 200 to 350 km. Any structures in a
mid-crust at a depth of about 15 km would appear, assuming a
crustal thickness of 30 km, in the travel-times for a PmP
phase at common mid-point positions displaced laterally by 15
km. This corresponds to the 15 km offset observed between the
effect of the step in the mid-crust in the PmP matrix compared

to the PcP matrix.

4.2.5 The Travel-time Matrix for Pn in the Irish Sea

Pn in the Irish Sea is observed at station to shot offsets
from 125 to 225 km. The coverage is poor for stations 1 to
19. The travel-times are reduced to a velocity of 8.0 km/s in
Fig. 4.7a and 8.1 km/s in Fig. 4.7b. The feature labelled A
in Fig. 4.7b is the delay also observed on the PmnP matrix
(Fig.4.5¢c) over the shot range M10 to M14 and is attributed to
a delay above the base of the 1lower crust. Otherwise the
travel-time contours are approximately parallel to the common

station direction for most stations in the Pn matrix (Fig.
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4.7pb). This indicates that the delay times for all the shots
are approximately the same. The delay times under the
stations decrease from station 7 to 49 on the matrix corrected

for the known shallow structure (Fig. 4.%Db).

4. 2.6 The Travel-time Matrix for Pn in the North Sea

Pn in the North Sea 1is observed over a range oOf
station’/shot offsets from 125 to 250 km. The coverage 1s poor
for stations 1 to 29. The travel-times are reduced to
velocities of 8.0 and 8.1 km/s in Figs. 4.8a and 4.8Db
respectively. The delay times appear to be flat for stations
2% to 60 (177 to 258 km from M25B) but increase from station 1
to station 23 (129 to 177 km from M25B). The feature labelled
A in Fig. 4.8b is in an area of poor travel-time coverage from
stations 20 to 29. Pn has larger amplitudes west of station
19 compared to Pn arrivals for the same offsets observed at
stations east of station 30. For example compare the relative
amplitudes of Pn on CST11N to that observed on CST30N in
Appendix A. The data quality is good for these stations as
the other phases are well displayed (refer to the stacked
sections in Appendix A). The delay times under the shots
appear to be constant west of station 19 although the contours
change direction across feature A. They 1lie parallel to
common station directions from stations 1 to 23 and to common
shot directions from stations 23 to 60. A lateral change 1is
interpreted, the effect of which 1s observed at the surface
from sStations 20 to 29 which corresponds to common mid-point
positions on the Moho from 200 to 220 km. These common

mid-point positions lie below stations 34 to 43.
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4.3 VIDE-ANGLE REFLECTION RESULTS

The wide-angle reflection method formulated in Section 3.4
was used to obtain depths and average velocities from the PcP
and PmP phases. By using common mid-point gathers the effects
of topography on the reflecting interface are minimised. The
unknown variations in the shallow structures and -the
difficulties of correcting for the known shallow structures
where apparent surface velocities are less than the basement
velocity will affect the results of the wide-angle reflection
analyses. VWhere these effects are observed in the results
they must be removed before proceeding to the modelling stage

of the interpretation process.

The wide-angle reflection method also assumes that the
vide-angle reflections observed are returned from a “sharp
interface". The wavelengths of seismic waves with frequencies
of about 4 Hz are about 1 to 2 km at mid to 1lower crustal
depths. A sharp interface is therefore any gradient change in
velocity which occurs over a depth range of up to 1 to 2 Kkm.
Table 4.1 displays the results of fitting the T&Xzequation to
the travel-time branches of PcP and PmP at near and far
offsets. An estimate of the thickness of the gradient zone is
given by the difference in depths calculated for near and far
offsets 1labelled DH in Table 4.1. The values of DH are 1less
than about 3 to 4 km. It can be concluded that to within the
precision of the calculations the travel-time branches for the
wide-angle reflections do not differ markedly from a simple
hyperbolic curve and therefore approximate reflections from a

sharp interface. Also the wuse of the Weichert-Herglotz
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TABLE 4.1

Travel-time regression results for selected stations and shots:

(a) Using travel-times at near and far offsets. DH 15 the difference
between the depths calculated at near and far offsets.

(b) Using all travel-times: dh is the 95% confidence limit on each depth.

(a)
SITE PmP PcP
\% H DH \% H DH
1A 6.36 6.40 26.0 27.7 1.7 - - - - -
M17 6.35 6.39 27.9 29.1 1.2 - - - - -
Ml14 6.34 6.20 27.9 22.1 -5.8 - - - - -
M2 6.20 6.42 27.2 30.17 3.5 - - - - -
2 - 6.33 - 26.8 - - - - - -
15 6.34 6.47 27.8 30.3 2.5 - - - - -
31 6.44 6.50 30.9 32.7 1.8 - - - - -
32 6.39 6.52 29.9 33.6 3.7 - - - - -
39 6.40 6.50 30.7 33.9 3.2 - - - - -
49 6.34 6.44 28.6 32.0 3.4 - - - - -
s - - R - - R R - R R
19 6.30 6.29 28.3 28.4 0.1 - - - - -
32 6.30 6.29 29.6 29.7 0.1 6.11 6.06 20.6 19.2 -1.4
42 6.40 6.29 31.9 30.8 1.1 6.17 5.90 20.2 12.0 -8.2
50 6.47 6.27 27.9 31.0 3.1 5.92 5.92 13.7 15.1 1.4
60 - 6.15 - 31.0 - 5.90 5.91 14.9 15.8 0.9
N2 - 6.47 - 31.5 - 6.13 6.03 21.2 18.6 -2.6
N9 6.20 6.59 29.2 34.9 5.7 5.96 6.07 16.2 19.4 3.2
N18 6.47 6.50 34.7 35.3 0.6 6.01 6.11 16.3 20.9 4.6
N29 6.59 6.37 40.8 33.7 -7.1 6.05 - 21.0 - -
(b) )
PcP PmP Pn
\" H dh \" H dh \" H dh

11A - - 6.39 27.2 0.8 8.35 32.6 2.2

Mi117 6.09 19.9 1.4 6.38 28.4 0.3 8.55 32.8 2.6

M14 5.98 16.8 0.4 6.30 27.0 0.5 7.84 28.7 4.0

M2 6.34 25.3 0.7 6.41 30.5 0.5 8.40 31.4 7.7

2 5.91 15.2 3.0 6.41 28.1 1.0 - - -

15 6.09 19.7 0.9 6.44 29.3 0.7 7.61 27.9 57

31 5.91 15.9 0.5 6.47 31.8 0.5 8.27 32.6 2.1

32 - - - 6.47 31.7 0.5 8.41 33.4 3.3

39 - - - 6.48 32.8 0.8 8§.42 33.6 3.4

49 - - - 6.43 31.7 1.3 8.34 32.2 4.1

S - - - 6.29 29.0 1.0 7.92 28.5 2.2

19 6.08 19.6 1.5 6.28 28.0 0.8 7.90 29.0 3.3

32 6.09 20.1 0.4 6.28 29.4 0.3 7.80 29.3 2.0

42 5.98 16.2 1.3 6.27 30.2 0.6 8.10 31.9 14

50 5.90 14.1 1.5 6.25 30.6 0.4 7.68 29.1 12.

60 5.91 15.5 0.6 6.17 31.4 0.5 - - -

N2 6.11 20.9 0.3 6.29 29.3 0.5 - - -

N9 6.03 18.1 0.8 6.33 30.5 0.6 9.45 37.6 12.

N18 6.02 16.7 0.6 6.47 34.7 0.3 8.06 33.4 6.3

N29 6.05 21.0 1.3 6.44 36.9 1.0 8.25 35.4 3.2



inversion method would not yield a better velocity depth model
than the TYX method given the effect of the shallow sediment
delays on the apparent surface velocities and the
interpretation of the interfaces as gradient zones less than

about 3 to 4 km thick.

4.3.1 VWide—-an¢gle Reflection Results for the PcP phase

Fig. 4.9 illustrates the wide-angle reflection results for
the PcP phase across the whole Caledonian Suture Seismic
Project line. The travel-time residuals mostly 1lie within
+/-0.1 s which is of the same order as the estimated picking
errors for this phase. The calculated least squares average
velocity for the upper crust between the datum at 6.0 depth km
and the mid-crust is 6.16 km/s. Average velocities of 6.163
and 6.199 km/s are obtained from the PcP travel-times for the
separate North and Irish Sea regions respectively (Figs. 4.10
and 4.11). The picking errors are larger for the Irish Sea
(Section 4.2.1) than for the North Sea giving rise to the
larger error of 0.005 km/s for the Irish Sea velocity in

comparison to 0.001 km/s for the North Sea.

The mid-crustal gradient is interpreted. from the results
displayed in Fig. 4.9, to be approximately horizontal at a
depth of 15.5 km with a small step from 15.5 to 15.0 km at the

common mid-point position of 260 km.
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Figure(4.9) Wide-angle reflection results for PcP in the North and Irish Seos
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4.3.2 Wide-angle Reflection Results for the phase PmP

Fig. 4.12 displays the results for the wide-angle
reflection analysis of the PmP phase wusing all the PnmP
travel-times from the Caledonian Suture Seismic Project. The
analysis 1s repeated for travel-times corrected and
uncorrected for the known shallow structure in Fig. 4.i8 to
1llustrate the effects of the shallow structure. The
residuals are not improved by applying the corrections for the
shallow structure. The velocities calculated are 6.38 km/s
from the uncorrected travel times and 6.51 km/s from the
corrected travel-times. The 6.38 km’'s velocity applies to the
whole crust including sediments whilst the 6.51 km/s velocity
applies to the crust between the datum at 6.0 km depth and the
PmP reflecting interface. The depths calculated are improved
by the correction of the travel-times for the shallow
structure. In particular the rise in the uncorrected depths
at a common mid-point position of 100 km is not observed for
the corrected depths (Fig. 4.13). The average crustal
velocities underneath the North and Irish Seas from the
surface to the base of the lower crust are estimated as 6.39
and 6.34 km/s repectively. The average crustal velocities
underneath the North and Irish Seas from the datum at 6.0 km
depth to the base of the lower crust are 6.54 and 6.49 km/s

repectively (Figs. 4.14 and 4.15).



Figure(4.12) Wide—angle refiection results for PmP in the North and Irish Seas
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4.3.3 Discussion

Fig. 4.16 summarises the wide-angle reflection results for
PcP and PmP. The figures written along the interfaces are the
velocities in km/s calculated within a 20 km wide moving
common mid-point window. The window width of 20 km was found
to be the best compromise between the need to obtain an -idea
of the 1lateral variations and avoiding the problems which
arise from limited data coverage. The coverage tends to Dbe
poor at the edges of the survey area which corresponds to the
common mid-point positions 60 km and 320 km for PmP. and, 80
and 310 km for PcP. As a result there are only a few
travel-time values available to each common mid-point in these
areas which adversely affects the velocities and therefore the

calculated depths.

The common mid-point positions greater than 300 km have PnP
travel-time data observed only from shots N25 to ©N29 (Fig.
4.6). These shots lie on the edge of the delay discussed in
Sections 4.2.2 and 4.2.4 and identified by Green (1984) which
occurs under shots N20 to N25. The apparent velocities
calculated over the common mid-point positions east of common
mid-point 300 km are too large and as a result the depth to

the interface appears spuriously to deepen (Fig. 4.16Db).

An analysis of variance using the variance-ratio test
(described in the next section) was performed on the average
velocities obtained from the wide-angle reflections. The 95%
confidence limits were estimated to be less than +/-0.02 km/s

for all average velocities quoted in this chapter except for
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the 6.20 km/s velocity calculated from PcP for the Irish Sea
shots which yielded a slightly higher 95% confidence error

range of +/-0.06 km/s.

4.4 TIME-TERM RESULTS FOR_PN

Taﬂle 4.2 summarises the time-term results from the
analysis of +the Pn travel-times. Each run 1is given a
reference number. A representative selection of the runs are
displayed in Figs. 4.17 to 4.30 and are discussed 1in detail
below. There 1is reversal of the Pn refractor underneath the
stations and between the adjacent ends of the shot and station
lines for both the Irish and ©North Seas (Fig. 4.1Y). By
incorporating the travel-times of Pn observed for station L15
in Ireland the Moho under the Irish Sea is also reversed (Fig.
4.18). In practise the 1limitations of the travel-time

coverage somewhat reduces the areas where reversal occurs.

The Pn depths are calculated from the time-term values
using the average velocities obtained from the wide-angle
reflection analysis of the PmP phase. This calculation
assumes that PmP and Pn are returned from about the same
depths. If a velocity gradient zone separates PmP and Pn the
average velocity calculated from PmP 1is smaller than the
average velocity of the crust above Pn. The use of the PmP
average velocity may therefore yield a slight underestimate of

the Pn depths.

Two types of error estimate can be assigned to the solution

velocities. The 95% confidence 1limits obtained wusing the

- 89 -
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Berry and West (1966) formula take no account of the
correlation between the velocity and the time-terms and may
thus ¢grossly underestimate the true uncertainty. An
alternative approach 1is to wuse the variance-ratio test
combined with time-term analyses carried out for a specified
range of constrained velocities. Draper and Smith (1981).
and, dfoegbu and Bott (1985) give summaries of how to perform
this analysis of variance. To illustrate this approach Fig.
4.18 1s a sketch of a section of the hyperspace region for a
time-term analysis. The contours are the values of the sum of
the squares of the residuals between the observed and the
predicted travel-times plotted as a function of velocity and
one time-term. The time-term and the solution velocity are
necessarily correlated as 1s indicated by equation 3.6. To
obtain an estimate of the wuncertainties, which takes into
account the correlation with all the time-terms, the sum of
residuals squared must be computed as a function of the
velocity with the time-terms optimized for each specified
velocity. The 95% confidence value of the function (Fc) can
then be computed from the minimum sum of residuals squared
(Fmin) using the equation
Fc = Fmin [ 1 + [ n / [m-n-1] ] fn,m-n-1(1-a) ]

where fn.m-n-1 is a fractile of the wvariance-ratio or F
distribution, n is the number of variable parameters equal to
the number of sites plus one and m is the number of
observations. The values of velocity (labelled V1 and V2 in
Fig. 4.18) which correspond to the 95% confidence level of the
objective function can be obtained from a plot of F against
the velocity (which corresponds to the line AA’ in Fig. 4.18).

These limits are clearly an overestimate of the true error but

- Q0 -
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are Dbetter than the Berry and West error (labelled Vbwl and

Vbw2 in Fig. 4.18) which can be a gross underestimate.

4.4.1 Time-term Analysis for Northern England Using all Pn

Travel-times

The first six runs (Table 4.2) were perforﬁed to check that
the time-term solutions are independent of the sites wused +to
link the shots and stations together. The solutions are
stable whether the link is achieved using the North Sea (as in
run 5) or Irish Sea (as 1in run 6) ends of the line. The
solution velocity wusing all the Pn travel-time data for
Northern England is 8.32 km/s (Fig 4.17). Given the quantity
of data and the well constrained reversal under the stations.
this higher than expected velocity wunder Northern England
appears to be real. The analysis of variance of this solution
yields a 95% confidence range from 8.19 to 8.49 km/s (Fig.
4.19). On the other hand the Berry and West error analysis
yileld 95% confidence limits of +/- 0.0l km/s which is clearly
an underestimate. The time-terms for shots M7 to Ml4 are
anomalous (Section 4.2.3) probably because the travel-times
are difficult to pick for these shots. These sites are

removed for most subsequent runs.

4.4.2 Time-term Analysis for the Irish Sea

The time-term solutions using the travel-time data for Pn
in the Irish Sea yield a solution velocity of 8.28 km/s (Fig.
4.20). Station 49 1is constrained to 2.9 s. This value is

taken from the results of Swinburn (1975). The solution

- 91 -
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velocities vary from 8.21 to 8.28 km/s depending on which
stations 42 to 652 are used to constrain the data (Fig. 4.20
and Table 4.2). However, dincluding the Pn travel-time
Observations at the Irish station L15 yields a well
constrained velocity of 8.19 km/s (Fig. 4.21). The solution
is stabilized due to the reversal of the Irish Sea shots
afforded by the use of station L15. The 95%-oonfidence limits
of 8.12 and 8.29 km/s are obtained for this velocity from an
analysis of variance (Fig. 4.22) and the Berry and West method

yields 95% confidence limits of +/- 0.02 km/s.

Including station L15 in Ireland and the North Sea shots a
velocity of 8.27% km/s is obtained (Fig. 4.23). The analysis
of variance of this solution yields a 95% confidence range
from 8.16 to 8.39 km/s (Fig. 4.24). This velocity is obtained
with reversed coverage under the Irish Sea and Northern
England. The three 95% confidence limits obtained so far for
the Pn refractor velocities 8.19 km/s, 8.27 km/s and 8.32 km/s
are, 8.12 to 8.29 km/s, 8.16 to 8.39 km/s and 8.19 to 8.49
km/s respectively. These velocity differences are not
significant within the estimated errors and it can be
concluded that the Moho velocity under ©Northern England and
the 1Irish Sea 1is ¢greater than 8.12 km/s but less than 8.49
km/s. All three 95% confidence limits overlap in the velocity
range 8.19 to 8.29 km/s. ©No rigorous statistical test can
easily be applied to this range to check its significance.
However it can be concluded that the best estimate possible of
the Moho velocity under Northern England and Irish Sea regions
to use in the initial synthetic seismogram model should be

chosen from within the velocity range 8.19 to 8.29 km/s.
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Figure(4.21) Pn time—term results for the Irish Sea using only
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Figure(4.22) Analysis of variance of the Pn time—term analysis
for the Irish Sea. The bounds give the 95%
confidence limits on the solution velocity. See text
for details.
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4.4.3 Time-term Analysis for the North Sea

Fig. 4.25 1illustrates the time-term analysis using the
North Sea Pn travel-times. Station 49 1is constrained to a
value of 2.9 s. The least squares velocity is 8.02 km/s. The
analysis of variance of the solution yields very wide 95%
confidence 1limits from 6.34 km/s to an ﬁndetermined upper
limit greater than 10.0 km/s (Fig. 4.26) and the Berry and
West method gives 95% confidence limits of 0.15 km/s. This
solution for the North Sea is not well constrained. However,
this result does agree with the 8.09 km/s found by Swinburn
(1975). The time-terms and depths are also consistent with
the results from the NERL experiment (Swinburn 1975, Bott et
al 1985) and the structure of the base o0of the 1lower crust
deduced from the PmP wide-angle reflection results (Fig.

4.16b, Section 4.5).

An attempt was made to control the results for the North
Sea by including the LOWNET array station EBL in the analysis
as this is offset from the shot line and should improve the
velocity estimates. The travel-time picks of the first
arrivals at distances greater than 130 km observed at EBL
appear not to be compatible with the travel-times from the
Caledonian Suture Seismic Project stations. These first
arrivals have much larger amplitudes than Pn at the Caledonian
Suture Seismic Project stations and the plotted arrivals have
an apparent velocity of about 7.0 km/s. The picked phase at
EBL thus appears not to be Pn, and these arrivals cannot be
used to obtain a better estimate of the velocity of Pn beneath

the North Sea.
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Figure(4.25) Pn time—term results for

the North Sea using only

the North Sea shots. The reference number corresponds
to the numbers given in Tabte 4.2.
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The solution 1is found +to be sensitive to the constraint
used on station 49. The estimated velocity increases to 8.4
km/s 1f the constraint on station 49 is increased from 2.9 s
to 3.04 s. The effect of changing the constraint station from
49 to the stations 42 to 52 does not affect the time-term

solutions.

The time-terms corrected for the shallow structure in Fig.
4.25 exhibit a break in slope at about station 34 (which 1lies
201 km from M25B) and decrease from 2.3 s to 3.0 from west to
east from station 1 to shot N29. Possible causes could be
either a higher Moho velocity west of station 34 or a westward
rise in a Moho with a constant velocity of 8.0 km/s. A
velocity between 8.19 to 8.49 km/s is estimated underneath
Northern England from the analysis in section 4.4.1 and so a
lateral change in the Moho velocity Lketween the North Sea
region and Northern England appears to be the best
explanation. Fig. 4.27 illustrates that wusing higher
velocities flattens the time-terms under the stations and
causes the time-terms under the North Sea shots to increase
with increasing distance. For example, for a velocity of 8.3
km/s the time-terms under the stations are constant at about
2.8 to 2.9 s whilst the ¢time-terms for the shots increase
castwards from 2.8 s at N1 to about 3.6 s at N29. It is
concluded that the velocity of 8.02 km/s 1s the best estimate
of the Moho velocity under the North Sea given the instability
of the solutions obtained when stations 1 to 34 are omitted
(as in run 10) but that this result is preliminary. The depth
to the Moho under the North Sea is further constrained wusing

gravity data in chapter 5 Dbefore proceeding to synthetic
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seismogram modelling.

4.4.4 Discussion of the Time-term Analysis of Pn

The Pn velocity is calculated to be 8.02 (6.34-10.0) km/s
under the North Sea, 8.19 (8.12 - 8.29) km/s under the Irish
Sea and 8.32 (8.19 - 8.49) km/s under Nortﬂern England. The
Irish Sea and Northern England velocities do not differ
significantly and both are estimated to exceed 8.12 kms/s. NO
reliance can be placed on the estimate of the ©North Sea Pn

velocity from the time-term analysis alone.

Fig. 4.28 and Fig. 4.29 illustrate the results of using
travel-times corrected for shallow structure as input to the
time-term programme (runs 23 to 25 in Table 4.2). This
analysis was performed to check that the solution velocities
are not due to spurious effects of the shallow sediment
delays.. The least squares velocity in the North Sea increases
slightly to 8.09 km/s. For the Irish Sea the solutions were
found to lie between 8.18 to 8.35 km/s. The residuals are
plotted against the site positions in Fig. 4.30. The scatter
is large and there appears to be no correlation of the
residuals with the position of the sites. It 1is concluded
that the solution velocities obtained are not due to any

spurious effects of the shallow sediment cover.

The features observed on the travel-time matrices together
with the Pn analysis may suggest that the velocity just below
the Moho increases from about station 34 westward from 8.0

km/s to between 8.12 to 8.49 km/s. The Moho depths deduced
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using these velocities are checked in Section 5.1 by comparing
the gravity effect calculated using this seismic model to the

observed gravity anomaly along the CSSP line.

4.5 COMPARISON OF THE PMP AND PN RESULTS

The qualitative interpretations made froﬁ the travel-time
matrices together with the PmP and Pn results indicate that
the PmP and Pn phases are returned from different depths under
the Irish Sea in contrast to the results east of about station
34 where the calculated PmP and Pn depths are approximately
the same. The separation of the two phases westwards beneath
the Irish Sea can be explained by either an extended gradient
zone or Dby a higher velocity layer between the PmP interface
and the Pn refractor. Fig. 4.31 summarises the results from
the analysis of the travel-times of PcP, PmP and Pn. The
velocity and depths under the North Sea calculated from Pn are
not well constrained but are consistent with previous work in
the region and with the PmP results. The time-term solutions

in the Irish Sea are well constrained.
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CHAPTER FIVE

INTERPRETATION AND MODELLING OF THE DEEP STRUCTURE

The preliminary model deduced from the forward
intepretation methods presented in the previous chapter 1is
used as a starting point for the gra&ity and synthetic
seismogram modelling presented in this chapter. The model 1is
first constrained using the gravity along the the Caledonlan
Suture Seismic Project 1line. Preliminary 1-D and 2-D
synthetic seismogram modelling is then used to refine the
model and to check that, to the degree of accuracy possible.
the model produces synthetic seismograms that compare well to
the observed sections. Discrepancies that still exist are
highlighted and attempts are made to resolve any difficulties.
Comparisons with the BIRPS WINCH profiles in the area are made
to check the consistency of the model with the WINCH sections.
Finally comparisons with previous geophysical investigations
in the region are made and the geological implications of the

results are discussed.

A nuﬁber of terms need to be defined.
1. The velocity gradient at about 15.5 km identified from the
PcP arrivals is referred to as the mid-crustal boundary.
2. The layer between the basement refractor identified by
Green (1984) and Bott et al (1985) and the mid-crustal
boundary is referred to as the upper crust.
3. The depths calculated from the PmP arrivals represent
either an abrupt or gradational increase in velocity. If

no interpretation of the velocity structure 1is implied the
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PnP depths are referred to as the PmP boundary. If +the
PmP Dboundary 1s dinterpreted as an abrupt increase in
velocity it is referred to as the PmP interface. If it is
interpreted as a ¢gradational increase 1n velocity it is
referred to as the PmP gradient zone.

4. The layer between the mid-crustal boundary and the PmP
boundary is referred to as the lower cfﬁst.

5. The depths calculated from the Pn time-term analysis are
referred to as the Pn boundary.

6. If no interpretation of the internal velocity structure of
the layer between the PmP and Pn boundaries is implied it
is referred to as the transitional Moho. If a gradational
increase in wvelocity with depth is interpreted the
transitional Moho is referred to as a gradational Moho.
The top surface of such a gradational Moho is defined by a
PmP ¢gradient zone. Alternatively, 1if only a gentle
gradient is interpreted between the PmP and Pn boundaries
the transitional Moho is referred to as a Moho layer. The
top surface of the Moho layer can be defined either by a

PmP interface or by a PmP gradient zone.

5.1 GRAVITY MODELLING

It is important to consider the Bouguer anomaly along the
Caledonian Suture Seismic Project profile prior to detailed
seismic modelling because of the control it gives on the
depths to the Moho beneath the North Sea. These depths, found
from the time term analyses of Pn presented in Section 4.4.3,

were not well constrained. They are constrained by the

Bouguer gravity anomaly.
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The Bouguer gravity.anomaly along the complete Caledonian
Suture Seismic Project 1line decreases from 25 mgal at the
Shannon Estuary to 5 mgal over central and eastern Ireland.
It increases eastward across the Irish Sea to a peak of 35
nmgal decreasing again east of the Carlisle Basin to remain
relatively constant at about zero mgal north-eastwards onto
the North éea (Figs. 5.1 and 5.2). The line runs along the
northern edges of the Peel Basin and Northumberland Trough and
along the central line of the Solway and Carlisle Basins. The
programme GRAV2D was used to model the gravity. The fit
between the observed and calculated gravity values should not
be expected to be Dbetter than about 5 mgal because of the
three dimensional effects of the offline structures not

modelled by GRAV2D.

The densities used are taken from Blundell et _al (1985) and

Green (1984) and are tabulated in Table 5.1. The upper crust
was interpreted by Green (1984) to be Precambrian crystalline
metamorphic basement which has a density of 2.74 g/crﬁ3
acoording to Blundell et al (1985). The basement is probably
more basic at depth and so the density would be expected to
increase slightly in the upper crust to about 2.80 g/oﬁ? It
was found that using 2.80 g/cm3as opposed to 2.74 g/cn?did not
have a significant effect on the fit of the models. The lower
crust has an average velocity of 6.75 - 6.77 km/s which lies
within the range of lower crustal velocities given by Blundell
et al (1985) of 6.45 km/s for pyroxene granulite gneiss and
7.00 km/s for garnet granulite gneiss (Table 5.1). By linear
interpolation between these velocities the lower crust 1is

3
assigned a density of 3.04 g/cm which 1lies between the
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Figure(5.1) (o) Bouguer anomaly contour map over Northern England and
adjacent marine areas.
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Figure(5.1) (b) Bouguer anomaly contour map across lreland

(taken from Jacob gt al 1985)
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TABLE 5.1

PARAMETERS USED IN GRAVITY MODELLING

Material Velocity Density
(km/s) ( g/nb)
Permo-trias sediments 3.2 2.35
Carboniferous sediments 4.5 2.60
Lower Paleozoic sediments 5.5-5.17 2.73
Upper crust (felsp. to 6.15-6.17 2.74-2.80
interm. gneiss)
North Sea granite 5 2.58
Carlisle basic intrusion 6.15 2.89
Lower crust 6.75-6.1717 3.04
Moho Layer 7.0-8.0 3.24
Upper Mantle >8.0 3.34
From Blundell et al (1985)
Moine metamorphics and
Lewisian amphibolite facies
quatzo-felspathic gneiss 6.15 2.74
Pyroxene granulite gneiss 6.45 2.86
Garnet granulite gneiss 7.00 3.10
Moho Layer 7.50 3.20
Upper Mantle 8.10 3.30




densities of 2.86 g/cm and 3.10 g/cn quoted by Blundell et al
(1985) for these two rock types (Table 5.1). The upper mantle
is assigned a density of 3.34 g/cmR The densities used in the
gravity modelling are plotted against P-wave seismic velocity
in Fig. 5.3. The points all lie within the scatter of the

Nafe-Drake curve. Lateral density changes within the crustal

and upper mantle layers are ignored.

The shallow seismic structure given by Bott et _al (1985)
beneath the Caledonian Suture Seismic Project was incorporated
into the gravity model. No alteration was made to the depths
and shapes of the interfaces except under the Irish Sea where
the Solway and Carlisle Basins were separated into two
distinct bodies. The densities used for the Permo-Trias,
Carboniferous and Lower Palaeozolc sediments were taken from
the model of the Solway Basin presented by Green (1984).
These densities are given in Table 5.1. The deeper structure
was taken from the results presented in the previous chapter
illustrated 1in Fig. 4.31. The seismic model did not extend
west of the position 50 km from M25B and east of the position
350 km from M25B. The interfaces beneath these areas were
inferred from the adjacent seismic boundaries and adjusted
slightly to produce a <close fit +to the observed gravity

anomaly.

Fig. ©5.4a illustrates that the complete model adequately
fits the observed gravity anomaly to within 5 mgal except in
the region of the Carlisle Basin. The major variations in the
gravity anomaly are due to the sedimentary basins. However,

the general increase in the gravity anomaly from about station
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34 westwards across the Irish Sea 1is explained by the
shallowing of the PmP boundary. The eastern rise in the
mid-crustal boundary at 260 km from M25B fits the rise in the
gravity from 250 to 300 km from M25B. A Moho shallowing
eastwards from 30 km to 29 km beneath shots N1 to N29 best
fits the gravity anomaly over the North Sea. A number of
points can be made: -
1. After allowing for the effects of the sediments a residual
positive gravity anomaly remains over the Carlisle Basin.
Laving (1971) has interpreted the «circular magnetic
anomaly in this area as a dome-shaped Dbasic intrusion
underneath the Carlisle Basin (Fig. 5.5). The Caledonian
Suture Seismic Project line does not cross the centre of
this magnetic anomaly and sO the dome-shaped intrusion
proposed by Laving is incorporated into the seismic model
allowing for this offset. The ¢gravity due to the
intrusion was calculated using the programme GRAVEND
(Prof. Bott pers. comm.) which calculates the 3-D effect
of a given body using end-corrections. Fig. ©5.4b shows
that the fit between the observed and calculated gravity
is improved by the incorporation of the Carlisle intrusion
into the model.

2. The granite interpreted by Donato et al (1983) in the

vicinity of shots N20 to N25 1is incorporated into the
model as a 3-D body offset from the seismic line and is
assigned a density contrast of -0.16 g/cm'3 with the
surrounding metamorphic Dbasement. The assumed granite

density is slightly lower than that of Donato et al (1983)

but is within the limits of precision of the modelling.

3. There is no evidence from the gravity to support the
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tentative interpretation made from the travel-time
matrices for Pn and PmP for the Irish Sea shots of a
region of lower velocity, and therefore of lower density,
between the mid-crustal and PmP boundaries, or at
shallower depths (Sections 4.2.3 and 4.2.5). The relevant
arrivals for shots M10 to M14 were difficult to pick due
to their 1lower amplitudes possibly caused by spurioﬁs
interference and defocussing effects due to the westwards
shallowing of the sediments in the Solway Basin.

Fig. 5.6 shows the wvariations wusing a seilsmic model
obtained from only the wide-angle reflections and Fig. 5.7
illustrates the wvariations 1in gravity using a seismic
model in which the Moho is defined as the 7.9 kmss
iso-velocity 1line. A close fit is obtained to within 5
mgal for both models. The increase in the gravity under
the Irish Sea can be modelled by a sharp Moho (Fig. 5.6
and 5.7) but a gradient zone can also fit the data (Fig.
5.4b). The densities of 3.04 g/cm, 3.24 g/cm and 3.34
g/oﬁxwere used for the lower crust, the transitional Moho
and the wupper mantle respectively. The 35 mgal gravity
high observed over the Irish $Sea 1s explained by the
combined gravity effect of the top and bottom of the
transitional Moho. The greater density contrast is across
the top of the transitional Moho as defined by the PmP
boundary rather than across its base as defined by the Pn
boundary.

There is no PmP coverage east of common mid-point position
300 km and the Pn results are not well constrained under
the North Sea (Section 4.4.3). In the time-term analysis

presented in Section 4.4.3 a Moho at a constant depth of
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about 30 km 1is obtained 1if the sub-Moho velocity 1is
constrained to 8.02 km/s. If a constraint velocity
greater than 8.12 km/s is used the time-terms and depths
to the Moho are observed to deepen by at least 6 km
northeastwards from shots N1 to N29. A Moho that deepens
by over 6 km beneath shots N1 to N29 is estimated to yield
a regional gravity anomaly that is at least 10 mgal leés
than the observed anomaly over the North Sea. However, a
Moho at an almost constant depth of 30 km shallowing
slightly to a depth of 29 km under shot N29 yields a
regional gravity anomaly that is within a few milligals of
the observed anomaly. This means that the velocity of
8.02 (6.34 - >10.0) km/s calculated from the time-term
analysis of Pn for the North Sea shots, despite the poor
confidence limits. does give nearly constant time-terms
under the North Sea which fit the gravity. The sub-Moho
velocity beneath the North Sea is therefore probably about
8.0 km/s. Higher sub-Moho velocities of 8.19 (8.12 -
8.29) km/s and 8.32 (8.19 - 8.49) km/s were found Dbeneath
the 1Irish Sea and Northern England respectively (Sections

4.4.1 and 4.4.2).

From the combined results of the Pn time-term analyses
and the gravity modelling it is therefore inferred that
the sub-Moho velocity under the North Sea is significantly
lower than the Moho velocity observed under the Irish Sea’
and Northern England. This lateral change in the sub-Moho

velocity appears to occur in the vicinity of station 34.
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5.2 SYNTHETIC SEISMOGRAM MODELLING

5.2.1 Main Amplitude Variations

The low frequency PcP and PmP phases are most conspicuously
developed for the shots in deeper water in the North and Irish
Seas which héve significant energy in the 3 to 5 Hz band.
Green (1984) showed that this may be due to scattering of
energy with frequencies greater than 5 Hz by inhomogeneities
with dimensions varying from a few tens of metres up to 200
metres. Recent work on scattering (Malin and Phinney 1985)
has shown that random media can produce sensitive amplitude
dependence with frequency for arrivals observed on refraction
seismograms. Anelastic losses attenuate the higher
frequencies with increasing range but cannot produce the
abrupt lateral changes in the observed amplitudes. However, a
further possibility 1is constructive interference at the
source. The shots which have significant energy with
frequencies less than 5 Hz are precisely those for which the
bubble pulse frequency is greater than the reverberation

frequency (Table 2.1).

It 1is important +to understand the difference between the
bubble pulse and reverberation frequencies. The reverberation
frequency 1is produced by the constructive interference of
multiples between the sea surface and the sea bed within the
water column. The equations of Burkhardt and Rees (1975) give
the frequency of these reverberations which produce the
dominant frequency of +the source energy. The expansion and

contraction of the gas bubble produced by the explosion
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generates the bubble pulse oscillations. Each expansion and
contraction of the gas bubble produces a wavelet which has a
dominant frequency equal to the reverberation frequency with
the ©polarity reversing for each successive wavelet. The
bubble pulse frequency gives the repeat period of the onset of
each discrete bubble pulse. Constructive interference between
the water célumn reverberation and bubble pulse oscillations
occurs when the bubble pulse and reverberation frequencies are
the same. These frequencies are equal at the optimum depth
which 1is approximately 90 m for the Caledonian Suture Seismic
Project shots (Green 1984). This resonance can produce very
large amplitudes (Burkhardt and Rees 1975). If the bubble
pulse frequency is just less than the reverberation frequency
no individual Dbubble pulses are observed in the received
signal. This is because successive bubble pulses combine at
the shot +to produce a single extended wavelet such- as shots
M20 to M25B in the Irish Sea. If the bubble pulse frequency
is less than the reverberation frequency each bubble pulse is
observed as a separate arrival as illustrated in Fig. 2.13 for

shot M17.

Both constructive interference at source or scattering
within the crust are possible explanations of the observed
abrupt amplitude variations between the Caledonian Suture
Seismic Project shots. These effects are referred to as "shot
effects”. The probable amplitude features produced by these
shot effects are:

1. the large PcP, PmP and Pn amplitudes for shots N6 to N14
in the North Sea.

2. the large PmP amplitudes for shots M20 to M25B in the
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Irish Sea.

Because of these problems no attempt has made to model the
amplitudes in detail. The main amplitude features observed on
the refraction sections corrected to common gain which are
modelled using the synthetic packages are:

1. The disappearance of P¢g beyond about shot N11

2. The prominent PmP arrivals observed in the North Sea and
the weaker PmP development in the Irish Sea.

5. The larger Pn amplitudes observed in the Irish Sea than in

the North Sea.

5.2.2 1-D Synthetic Seismogram Modelling

Green (1984) and Bott et al (1985) have presented
preliminary one dimensional structures beneath the Irish and
North Seas. The travel-time analysis presented in Chapter 4
has yielded a velocity struCture beneath the North Sea that
does not differ significantly from the published model of

which the writer is a co-author (Bott et al 1985). The

identification of PcP arrivals from the Irish Sea shots has
yvielded a mid-crustal boundary at 15.5 to 18.0 km beneath the
Irish Sea which was not recognised previously. The original
North Sea model 1is briefly described to illustrate that it
produces synthetic seismograms that compare well with the
observed sections. The original Irish Sea model is used to
illustrate the effects of a gradational Moho. The internal
velocity structure of the transitional Moho 1is then
investigated in detail using the reflectivity method and a

one-dimensional approximation to the two dimensional velocity
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model beneath the Irish Sea (Fig. 4.31). The input wavelet
used is a cosine tapered second derivative Gaussian wavelet

with a maximum spectral amplitude at 4 Hz (Green 1984).

The seismic structure east of station 34 1s approximately
one dimensional. Fig. 5.8 illustrates a ray-traced model for
a 1-D approximation to the structure beneath the North Sea- in
which the theoretical travel-times are displayed on the common
station section for station 32 corrected to common gain. Fig.
5.9 1is a 1-D synthetic seismogram calculated wusing the
reflectivity method for the same model. This synthetic
seismogram is the same as that presented by Bott et al (1985).
Prominent PmP wide angle-reflections are obtained on the
synthetic section although the amplitudes do not die away as
abruptly as on the observed section. This observed rapid
decay is attributed to the shot effects. The maximum
amplitude of the PmP phase observed from the North Sea shots
lies generally at ranges of about 95 to 105 km (Appendix A).
Large amplitudes at this range are obtained on the synthetic
section by introducing a slight velocity gradient just above
the Moho. The anmplitudes of the PcP reflections are larger on
the synthetic section than on the observed seismogram. The
main travel times and amplitude variations observed on this
synthetic seismogram calculated using a 1-D approximation to
the structure under the North Sea are consistent with the
broad features of the arrivals observed at most of the
Caledonian Suture Seismic Project stations east of about

station 23.
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Fig. ©5.10 1illustrates a 1-D model of the Moho under the
Irish Sea. The mid-crustal boundary is omitted in this model.
The correct average crustal velocity is obtained by a gentle
velocity gradient across the whole crust down to the top of a
transitional Moho. This transitional Moho is defined by a
velocity gradient zone seperating the PmP and Pn boundaries.
-The PnP wide-angle reflections for offsets greater than about
105 km are returned from the top of this gradational Moho
(Fig. 5.10). The PmP arrivals between 95 to 105 km near the
critical distance are returned from within the gradational
Moho. It 1is clear that in general PmP arrivals are returned
from the top of velocity gradients which define a gradational
Moho. Only arrivals near to the critical distance penetrate
significantly into the velocity gradient within such a
gradational Moho. This indicates that not much detail of the
velocity structure within a gradational Moho can be obtained
from a travel time analysis. Consequently the velocity
structure within the transitional Moho was investigated by
amplitude modelling using the reflectivity method.

A selection of common station sections for the Irish Sea
shots 1is displayed in Fig. ©5.11. Only the common station
sections for stations 1 to 25 have traces at ranges less than
80 km. PmP arrivals are observed on these sections at ranges
greater than 80 km. No wunambiguous PmP arrivals can be
observed on the sections at ranges less than 80 km due to the
shot effects and the poor data quality. The internal velocity
structure within a transitional Moho can be defined by either
a velocity gradient, a constant velocity or more complicated

structures involving low velocity layers. Synthetic
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seismograms for four different velocity structures within a
transitional Moho were produced using the reflectivity method.
Figs. 5.12 to 5.15 display these synthetic seismograms and
models. The velocity depth model used is a one dimensional
approximation to the laterally wvarying velocity structure
beneath the Irish Sea (Fig. 4.31). The programme SYNSEI

-allows only 45 velocity values and so the sub-Moho gradient is
defined only down to 40 km on all models. These synthetic
seismograms are not intended to fit a particular observed
common station section but are used to discuss the effects on
the PmP and Pn amplitudes of the velocity structure within the
transitional Moho. A number of points can be made on the
nature of the +transitional Moho from an inspection of these
synthetic sections:

1. A linear velocity ¢gradient yields (Fig. 5.12) low
amplitude PmP arrivals at ranges less than 90 km and large
amplitudes at distances greater than 100 km. A wvelocity
gradient within the transitional Moho cannot produce the
observed PmP amplitudes at ranges between 80 to 90 km.

2. The PmP amplitudes can be increased at near offsets by
the introduction of +thin low velocity layers within the
velocity gradient between the PmP and Pn interfaces (Fig.
5.13). On the synthetic seismogram the near offset PmP
arrivals have higher frequencies +than the arrivals at
ranges greater than about 100 km. In the Irish Sea the
shot effects produce a similar frequency variation but
related to the water depth. The shot frequencies decrease
from shot M1 to M25B (Table 2.1). For the mainline
Caledonian Suture Seismic Project stations the ranges also

increase from shot Ml to M25B. This means that the shot
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effect produces an apparent decrease in frequency with
range for receiving stations in Northern England. The
frequency variations due to the shot effects may obscure
any similar effects caused by possible thin low velocity
layers in the transitional Moho. Comparing Figs. 5.12 and
5.13, 1t can be concluded that the amplitudes of the Pn
arrivals are reduced by the introduction of thin low
velocity layers within a gradational Moho.

5. A layer of shallow gradient between the PmP and Pn
boundaries produces large amplitude PmP arrivals at ranges
down to 80 km (Fig. 5.14). The low amplitude Pn arrivals
between 120 and 180 km in the model represent a shadow
zone due to the very small gradient between the PmP and Pn
boundaries. Larger Pn amplitudes occur from 140 to 180
km. Such Pn amplitude variations would be expected to
occur at these ranges on all observed sections. No such
variations occur on the observed sections corrected to
common gain (Appendices A and B). However, amplitude
variations due to the shot effects may obscure such small
amplitude variations.

4. Fig. 5.15 illustrates that a transitional Moho combining
an abrupt wvelocity increase at the PmP interface and a
velocity gradient below it can also produce large PmP
amplitudes at ranges greater than 80 km.

Braile and Smith (19Y5) have concluded from synthetic

seismogram modelling wusing the reflectivity method that the

details of velocity structures within a transitional Moho
cannot be obtained using the refraction method. However, from
the discussion above it has been shown that a velocity

gradient between the PmP and Pn interfaces cannot produce the
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observed PmP arrivals at ranges less than 90 km. There are
two main types of model proposed. Firstly, an abrupt velocity
increase at the PmP interface underlain by a layer of gentle
gradient down to the Pn boundary, and secondly. a complicated
velocity gradient incorporating thin low velocity layers.
Both models can produce PmP arrivals at ranges down to 80 km.
However, the amplitude modelling using the reflecfivity method
indicates that a complicated velocity gradient incorporating
thin 1low velocity layers yields low amplitude Pn arrivals in
contrast to the Pn amplitudes on the observed sections. It
must be concluded that an abrupt or sharp gradient increase in
velocity at the PmP boundary best fits the broad PmP and Pn

amplitude variations on the observed seismograms.

To conclude, the detailed nature of the region between the
PmP and Pn interfaces under the Irish Sea cannot be deduced.
However, 1-D synthetic seismogram modelling indicates that a
transitional Moho with an abrupt increase in velocity at its
top surface defined by the PmP boundary and a fairly uniform
structure down to the Pn boundary can produce the observed
amplitudes of the PmP and Pn arrivals from the Irish Gea

shots.

5.2.3 2-D Synthetic Seismogram Modelling

Cerveny (1985) has highlighted the limitations of synthetic
seismogram computations using generalized ray theory.
Generalized ray theory ¢gives inaccurate results at critical
points and in regions of vanishing layers. The analyses of

the arrival times of PmP and Pn presented in Sections 4.3 and
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4.4 indicate that the PmP and Pn boundaries are at different
depths beneath the Irish Sea in contrast to the results east
of about station 34 where they appear to be at approximately
the same depths (Fig. 4.31). These boundaries define the
transitional Moho beneath the Irish Sea which represents an
eastwardly vanishing layer beneath the Caledonian Suture
Seismic Project profile. Preliminary modeliing of the
transitional Moho using interfaces to define both the PmP and
Pn boundaries produced anomalous amplitudes for the synthetic
PmP arrivals. This problem was probably caused Dby the
coincident PmP and Pn boundaries beneath the North Sea. The
Pn boundary was therefore removed and modelled by vertical

velocity variations.

The input of the laterally varying velocity structure was
the main problem encountered during the two-dimensional
modelling using SEIS83. SEIS83 provides three methods of
inputting the model but only two of these can be used for
laterally varying structures. These are the bicubic spline
and Dbilinear interpolation methods. The interpolation method
produces spurious velocity gradients and uneven ray paths.
Cerveny (1985) has recommended that this method should not be
used for synthetic amplitude calculations. The spline method
was therefore used. The spline method was found to produce
small oscillations of the velocity structure which affected
the raypaths. This problem has been reported by Cerveny
(1985). Despite these problems the broad amplitude and
travel-time variations have been successfully modelled. The
wavelet used is a Gaussian envelope signal with a 4 Hz carrier

frequency with a very narrow amplitude spectrum (Cerveny

- 112 -



1985).

A preliminary model combining the shallow structure

presented by Green (1984) and Bott et al (1985) and the deeper

structure deduced from the travel-time analyses presented in
Chapter 4 constrained using the gravity anomaly was used as a
-starting point for the 2-D modelling using SEIS83. The first
models incorporated the small wvariations observed in the
depths to the PcP. PmP and Pn boundaries as observed in Figs.
4.16, 4.21 and 4.25. These boundaries were progressively
smoothed by removal of all depth wvariations that did not
produce calculated travel times which were consistent with the
observed arrivals. For each model ray diagrams. travel time
plots and synthetic seimograms were produced for stations 8.
32 and 50 for both the North and Irish Sea shots. Only two to
three of these ‘“"runs" a week were possible Dbefore the
installation of the AMDAHL 470 at Durham. Since about

November 1985 almost one run per night has been possible.

The final velocity model is illustrated in Fig. 5.16. The
PcP boundary was modelled as a velocity gradient zone with an
increase in velocity from 6.2 to 6.75 - 6.77 km/s at depths of
15.5 to 18.5 km beneath the Irish Sea and 15.0 to 18.0 beneath
the North Sea. The PmP boundary was modelled beneath the
Irish Sea as an abrupt increase in velocity from 6.77 - 7.8
km/s underlain by a slight velocity gradient within the
transitional Moho from 7.8 km/s to 8.0 km/s. Beneath the
North Sea the PmP boundary was modelled as an abrupt increase
in wvelocity from 6.75 to 8.0 km/s. The Pn boundary was

modelled by vertical velocity variations beneath the Irish Sea
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and as a sharp interface coincident with the PmP boundary
beneath the North Sea. The sub-Moho velocities from the Pn
boundary to a depth of 50 km increased from 8.0 to 8.8 km/s
and 8.0 to 8.3 km/s Dbeneath the Irish and North Seas

respectively (Fig. 5.16).

The results for stations 8. 32 and 50 are presented in
Figs. 5.17 to ©5.19 respectively. Each figure contains 9
diagrams for a single receiving station labelled from (a) to
(1) as follows:

(a) Raypaths through the upper crust.

(b) Raypaths through the lower crust.

(c) Raypaths of non reflected rays.

(d) 2-D synthetic seismogram for the Irish Sea shots computed
using SEIS83.

(e) Observed  seismogram for the Irish Sea shots with
anplitudes corrected to common gain. The arrival times
predicted by the laterally varying velocity model are
drawn as a continuous line. Dashes denote the picked
travel times. ~

(f) Observed seismogram  for the Irish Sea shots with
amplitudes equalized with picked and calculated arrival
times as in (e).

(g) 2-D synthetic seismogram for the North Sea shots computed
using SEIS83.

(h) Observed seismogram for the North Sea shots with
amplitudes corrected to common gain with picked and
calculated arrival times as in (e).

(1) Observed seismogram for the North Sea  shots with

amplitudes equalised with picked and calculated arrival
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times as in (e).
Oscillations of the velocity structure created by the bicubic
spline method wused to smooth the velocity model mainly
occurred in the upper crust where there are large velocity

variations such as in Fig. 5.20(a).

In general the PcP arrivals are larger on the synthetic
seismograms than on the observed sections. The synthetic
seismogram modelling wusing the reflectivity method also
produces PcP amplitudes that are too large. This may indicate
that the interface is not a simple velocity ¢gradient or an
abrupt increase of velocity. A complicated laterally
heterogeneous interface would produce scattering of the

selsmic energy to reduce the computed PcP amplitudes.

The following main points can be made about the fit of the
travel times and amplitudes for each station:
1. Station 8 for the Irish Sea Shots (Fig. 5.17)
The anplitudes of all arrivals are small between shots M10
to M17 on the observed section (Fig. 5.17e). This is
probably due to the shot effects or other near surface
causes. The fit of the calculated and observed
travel-times is within the picking errors estimated to be
about 0.25 s.
2.  ©Station 8 for the North Sea Shots (Fig. 5.1%)
The. fit between the calculated and observed travel-times
is within the picking errors for the PcP and PmP phases.
The correspondence between the calculated and observed Pn
amplitudes is better than the fit between the calculated

and picked travel-times. This misfit of the picked
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Figure(5.17) (a) Raypaths through the upper crust computed for station 8
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travel-times is about 0.25 s which 1is equal to the
estimated picking error. The travel times for Pn observed
from shots N7 to N1l were probably picked too early.
Station 32 for the Irish and North Sea Shots (Fig. 5.18)
The fit Dbetween the observed and calculated travel-times
is good for all phases for station 32 in both the 1Irish
and North Seas. The dying out of Pg is suocéssfully
modelled by the eastward lateral decrease in velocity in
the basement beneath shots N11 to N25.

Station 50 for the Irish and North Sea Shots (Fig. 5.19)
The calculated and observed travel times are consistent
between the synthetic and observed seismograms for both
the Irish and North Sea shots. Pg¢ 1in the ©North Sea
disappears more rapidly than actually observed. It was
found that this disappearence of Pg was very sensitive %o
the lateral decrease in the velocities eastwards beneath
shots N11 to N20 and also to the depth extent of this 1low
velocity region. This sensitivity is probably an artifact
of the wvelocity oscillations produced by the bicubic
spline approximation of the velocity model. However, the
synthetic seismograms do illustrate that a lateral
decrease 1in velocity can produce the disappearance of Pg
at about shot N1l for most stations.

Shots M17 and N1 (Figs. 5.20 and 5.21)

The fit Dbetween the observed and calculated travel-times
is good for all phases for shot M17. For shot N1 the fit
is good for Pg and PcP. However, the correspondance
between the calculated and observed PmP amplitudes 1is

better than the fit between the calculated and picked PmP

travel-times.
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Figure(5.18) (a) Roypaths through the upper crust computed for station 32
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Figure(5.19) (a) Raypaths through the upper crust computed for station 5
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Figure(5.20) (o) Raypaths through the upper crust computed for shot M17
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Some additional points can be made:

1.

To

If a linear velocity gradient is inserted between the PmP
and Pn Dboundaries the Pn amplitudes calculated from the
Irish Sea shots are dramatically reduced. For example
compare the Pn amplitudes on Fig. 5.22(b) to those on Fig.
5.18(d). The amplitudes calculated using the reflectivity
method do not show such a dependence of Pn amplifudes on
the structure of the overlying transitional Moho. The
reflectivity method yields similar Pn amplitudes from a
transitional Moho which incorporates either a velocity
gradient Dbetween the PmP and Pn boundaries (Fig. 5.11) or
a layer with only a slight gradient (Fig. 5.15). The
decrease in Pn amplitudes for the 2-D model may be an
artifact of the SEIS83 programme. However, 1if real it
indicates that +the transitional Moho cannot be a linear
velocity gradient. Only a Moho layer with a slight
velocity gradient will give the observed Pn amplitudes in
the Irish Sea.

The reflectivity method indicates that the Pn arrivals are
probably larger for the Irish Sea shots because of the
larger sub-Moho velocity gradient. This effect is not as
clearly observed on the 2-D synthetic seismograms
calculated using SEIS83. This may be due to the presence
of small velocity oscillations within the transitional
Moho which may reduce the calculated amplitudes for the Pn
arrivals.

summarise, the main travel time and broad amplitude

variations of the arrivals observed on the Caledonian Suture

Seismic Project sections have been successfully modelled to

within the estimated observational errors. The model proposed
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A

accounts for the disappearance of Pg and the 1larger Pn
amplitudes in the Irish Sea than in the ©North Sea. The
detailed nature of the Moho has not been deduced. It is clear
that a velocity gradient cannot account for the observed PmP
arrivals and, if the reduction in Pn amplitudes produced by
SEIS83 are real, the observed Pn amplitudes from the Irish Sea
shots. A velocity gradient with thin low velocity layers can
account for the observed PmP arrivals but amplitude modelling
using the reflectivity method indicates that such a
gradational Moho yields low Pn amplitudes in contrast to the
observed Pn arrivals from the Irish Sea shots. The preferred
model is an abrupt increase in velocity at the PmP interface
followed Dby a 1layer of uniform velocity or with a slight
gradient. From this study it has become apparent that there
is a need for a comparative investigation of the accuracies of
- the methods of computing synthetic seismograms. Only then can
the details of the amplitude variations be modelled with

confidence.

5.3 COMPARISON OF THE CSSP RESULTS WITH BIRPS

fig. 5.23 illustrates the location of the BIRPS WINCH and
NEC 1lines with respect to the Caledonian Suture Seismic
Project profile. The two way travel-times in the Irish Sea
calculated for the PcP, PmP and Pn interfaces are shown on
line drawings which display the most prominent reflections

observed on the WINCH sections (Brewer et al 1983). The two

way travel-times across the whole CSSP line are illustrated in
Fig. 5.24 together with the BIRPS reflection section WINCH-HG

which was shot along the Caledonian Suture Seismic Project
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profile between shots Il and I3. The Pn two way travel-times
were calculated wunder the 1Irish Sea assuming an average

velocity between the PmP and Pn interfaces of 8.0 km/s.

A number of observations can be made for the Irish Sea:

1. The PcP interface appears to correspond approximately
with the top of the reflective lower crust.

2. The PmP interface lies within the reflective lower crust.
Two =zones containing a greater density of reflections are
observed in the mid and lower crust from 5 to 7 and 8 toO
10 s respectively. The two zones can be observed on the
WINCH-EF and WINCH-HG sectiomns in Figs. 5.23 and ©5.24.
The PmP boundary approximately coincides with the top of
the lower zone. The PcP boundary lies near the top of the
upper zone. The synthetic seismogram and gravity
modelling have indicated that the PmP interface represents
the boundary across which both the velocity and density
increase abruptly. This interface lies within the
reflective lower crust.

3. The Pn interface coincides approximately with the base of
the reflective lower crust. Goldfinch (1986) found that
the modelled gravity effect produced by variations in the
depth to the base of the reflective lower crust did not
correspond to the observed gravity. This may now possibly
be explained by the presence of the PmP boundary within
the reflective lower crust across which the main

crust/mantle density increase occurs.

In the North Sea the two way travel-times to the coincident

PmP and Pn interfaces are estimated from CSSP results to be
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about 10.4 s where the CSSP line is crossed by the NEC 1line
(Fig. 4.13). Prominent reflections interpreted as the Moho
were observed on the NEC line at about 10.5 to 11.0 s. No
distinctive reflective lower crust was observed although the
Caledonian Suture Seismic Project refraction results indicate

a mid-crustal boundary at about 6.0 s two way travel-time.

The large amplitude PmP wide angle reflections observed at
ranges greater than 60 km on the refraction sections in the
North Sea indicate a sharp Moho which 1is recognised as a
prominent mnarrow band of vertical reflections on the NEC
profile. This implies that a sharp Moho produces Dboth
prominent vertical reflections and large amplitude wide angle
reflections to near offsets. 1In the Irish Sea the Moho 1is
more complicated and is interpreted as a transitional layer
within which there is a constant velocity or slight velocity
increase with depth. On the WINCH reflection sections its
base marks the bottom to the reflective lower crust. The top
of the transitional Moho appears to lie within the reflective
lower crust. - This implies that such a transitional Moho does
not produce prominent vertical reflections from its top or
‘bottom surface but has an internal character similar to the

overlying reflective lower crust.

This correspondance of the character of the Moho as
determined by wide-angle and vertical incident seismology
appears to be more general:

1. In NW Scotland Armour (1977) observed prominent PmP wide
angle reflections to near offsets from a sharp Moho (Fig.

5.25). The Moho appears on the WINCH-CD profile on the
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Hebridean Craton as a narrow band of prominent reflections

at the Dbase of a reflective lower crust (Brewer et al

1983) (Fig. 1.12).

2. Poor PmP arrivals were observed north of Cornwall in the
southern Irish Sea by Holder and Bott (1971) (Fig. 5.26).
A reflective lower crust was observed on SWAT-4 similar to
that observed on the WINCH profiles furthér to the north.
The Moho appears to represent the base of the reflective
lower crust and is not marked by any prominent
reflections.

3. In contrast. prominent PmP arrivals were observed on two
further refraction lines to the west and south of Cornwall
(Holder and Bott 1971). SWAT lines 6 to 10 in this area
revealed a Moho consisting of a narrow band of prominent
reflections (Figs. 5.27 and 5.28).

Generally a 30-40 mgal gravity high occurs over the Irish Sea.

The BIRPS deep reflection profiles in the region indicate the

regional development beneath the Irish Sea of the distinctive

reflective lower crust. This reflective deep crust appears to
disappear to the north across the Iapetus Suture, to the east
somewhere between the WINCH line in the Irish Sea and the NEC

line in the ©North Sea and to the south between SWAT lines 4

and 6. These observations suggest that the transitional Moho

and shallowing of the PnP interface recognised beneath the

Caledonian Suture Seismic Project profile may occur regionally

beneath the Irish Sea.

To summarise, a sharp Moho produces a narrow band of
prominent vertical reflections and large amplitude wide angle

reflections. In areas where the Moho appears to represent the
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base of the reflective lower crust no prominent vertical or
wide angle reflections are observed. Such a Moho 1is
recognised as a complicated transition zone between the lower
crust and wupper mantle in the northern Irish Sea and may be

developed more regionally beneath the Irish Sea.

5.4 COMPARISONS TO PREVIQUS GEOPHYSICAL INVESTIGATIONS IN

THE REGION

The preliminary results of LISPB (Bamford 1976) indicated
apparent velocities of 8.15 km’/s from northward travelling Pn
and 8.20 km/s from southward +travelling Pn just north of
Carlisle (Fig. 5.29). These high velocities are consistent
with the velocities of 8.19 (8.12 - 8.29) km/s and 8.32 (8.19
- 8.35) km/s found underneath the Irish Sea and Northern
England respectively from the time-term analysis of Pn
arrivals along the Caledonian Suture Seismic Project profile.
Blundell and Parks (1969) recognised a layer of velocity 7.3
km/s at 24 km depth beneath the southern Irish GSea. This
layer may represent the PmP boundary in the Southern Irish
Sea. Agger and Carpenter (1964) obtained an unreversed
velocity from northward travelling Pn arrivals at Eskdalemuir
of 7.99 km/s. An analysis of the Irish Sea shots observed at
LOWNET and Eskdalemuir should yield the structure north of the

profile.

The NERL profile (Bott et al 1984) indicated a mid-crustal

boundary at 12 km depth beneath the Pennine blocks. The
Caledonian Suture Seismic Project indicated a mid-crustal

interface at 15.0 to 15.5 kxm beneath the Northumberland
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Figure(5.29) Preliminary results of LISPB taken from Bamford et al (1976).



Trough. The Moho is found at 29 km beneath the NERL profile.
To within the errors of the depth estimates this is in
excellent agreement with the 30 km depth to the Moho beneath
eastern end of the Caledonian Suture Seismic Project line.
These results indicate a relatively flat Moho at about 29 +to

30 km beneath NE England.

Fig. 5.30 illustrates the gravity variations due to a model

compiled from the Irish (Jacob et al 1985) and mainline CSSP

results. The densities are taken from Table 5.1. The shallow
structure across Ireland is taken from Brown and ¥illiams
(1985) and Jacob et _al (1985). The PmP interface beneath
Ireland is 1interpreted as the top of the Moho velocity

gradient found by Jacob et al (1985). The Pn interface 1is

extrapolated across Ireland and is made coincident with the
PmP interface in SW Ireland to create a sharp Moho similar to
that found under the North Sea. The calculated and observed
gravity differ markedly across Ireland. These differences may
be caused by lateral density variations. To remove this
discrepency. the depth of the mid-crustal interface beneath
Ireland was decreased by 35km with no alteration to its shape.
The calculated gravity using this new model lies within 5 mgal
of the observed gravity from SW Ireland to the North Sea (Fig.

5.31).
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5.5 GEOLOGICAL INTERPRETATION

The main observations that must Dbe explained by a
geological model of the crust beneath the Caledonian Suture
Seismic Project profile are as follows:

1. The velocities of 6.15 - 6.2 km/s, 6.75-6.77 km/s and 8.0
to 8.3 km/s for the upper crust. lower crust and upper
mantle respectively.

2. The transitional Moho Dbeneath the Irish Sea and the
lateral decrease in the sub-Moho velocity eastwards from
8.19 (8.12 - 8.29) km/s beneath the Irish Sea and 8.32
(8.19 - 8.49) km/s beneath Northern England to 8.02 (6.34
- >10.0) kmss under the North Sea.

3. The 5 km thinning of the crust (Fig. 5.29) by the westward
shallowing of the PmP boundary beneath the Irish Sea to
produce the observed 35 mgal gravity high.

4. The reflective lower crust observed on the WINCH EF., HG. d
and KL lines and on SWAT lines 4 and 5 in the Irish Sea
and its absence in adjacent regions.

5. The transitional Moho which produces vertical reflections
similar to the those observed in the overlying reflective
lower crust.

6. The base of the reflective deep crust which approximately
coincides with the Pn boundary.

7. The narrow band of prominent reflections from the Moho
observed on the BIRPS NEC 1line in the North Sea which
correspond to the refractive Moho recognised from the

Caledonian Suture Seismic Project results.
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5.5.1 Relationship to the Caledonides

The Iapetus Suture is observed in the lower crust on the
WINCH-EF line as the northwards dipping top surface to a wedge
of reflective lower crust beneath the westward extension of
the Southern Uplands north of the Caledonian Suture Seismic
Project profile (Fig. 5.21). It is not obviously observed 1in
the upper crust but is inferred to extend to the surface near
the Peel Basin south of the Caledonian Suture Seismic Project
line. Where the CSSP line is crossed by the WINCH profile the
suture is approximately at the boundary between the lower and
upper crust. Further east. the surface trace of the suture 1is
interpreted to lie along the southern margin of the Solway
Basin by Needham and Knipe (1986). A northward dipping
reflector in the lower crust on the NEC profile in the North
Sea is also interpreted as the Iapetus Suture. It cannot be
traced through the wupper crust (Klemperer pers.comm. ).
However, simple extrapolation suggests it probably surfaces
close to the Caledonian Suture Seismic Project 1line in the

North Sea.

The CSSP profile thus appears to lie close to the inferred
surface trace of the Iapetus Suture from the North Sea to the
east coast of the Irish Sea but west of the Solway Basin i?
probably 1lies significantly north of the suture. An average
upper crustal velocity of 6.18-6.20 km/s was found beneath the
mainline CSSP profile from an analysis of PcP arrivals in
Chapter 4. This is interpreted as high velocity metamorphic
basement which appears to lie below the suture in the upper

crust along the line east of the central Irish Sea. However,
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the results are not well constrained west of the Solway Basin
where the upper crust of similar velocity probably lies above

the suture.

The inferred 1location of the surface trace of the Iapetus
suture along the CSSP line indicates that the lower crust and
deeper structures from the North Sea to the Irish Sea lie
below the suture. The deep structure beneath the CSSP profile
from +the North Sea to the Irish Sea inclusive therefore

probably represents deep crust of the Southern Caledonides.

5.5.2 Nature of the Lower Crust

The Caledonian Suture Seismic Project results indicate that
the lower crust has an unexpectedly high average velocity of
6.75 to 6.77 km/s beneath the suture which disagrees with the
LISPB interpretation where the two lines cross. A mid-crustal
layer of velocity 6.4 - 6.5 EKm/s was recognised from the LISPB
experiment north of the Southern Uplands Fault. This 1is
underlain by a lower crust of velocity 6.7 km/s (Bamford
1979). The deep structure beneath the Southern Uplands and
Northern England was not accurately determined from LISPB.
The CSSP results however, indicate that the structure of the
deep crust beneath the Iapetus Suture differs somewhat from
that north of the Southern Uplands Fault as indicated by
LISPB. The reflective lower crust on the deep reflection
profile WINCH-EF disappears northwards across the suture and
beneath the Southern Uplands. This ﬁay indicate that the
boundary between two different types of crust occurs across

the suture. However, the lower crust beneath the Tapetus
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Suture in the North Sea does not appear to be reflective. The
reflective deep crust 1is developed regionally beneath the
Irish Sea. These observations indicate that the anomalous
deep crustal structure beneath the Irish Sea is probably
related to the post-Caledonian formation of the Irish Sea
depression (Bott 1968). Thus the lack of reflective lower
crust beneath the Southern Uplands in contrast fo the crust
beneath the Irish Sea does not necessarily imply a change in
type of crust across the Iapetus Suture. Comparison of the
crust overlying the suture with that beneath and to the south
of it must therefore await determination of the velocity/depth
variations beneath the Southern Uplands. An analysis of the
Eskdalemuir and LOWNET records of the Irish Sea shots may
contribute to this although a CSSP type experiment along

strike of the Southern Uplands is clearly required.

The average velocity of 6.75 - 6.77 km/s places constraints
on the average composition of the lower crust. The following
two compositional models were suggested by Ringwood and Green
(1966):

1. If the lower crust is dry it must be composed of
granulites of granodioritic (6.4-7.3 km/s) to dioritic
(6.6-7.6 km/s) composition. This composition is similar
to that of the upper crust. The mid-crustal boundary may
therefore represent a metamorphic phase change. Such a
boundary would be gradational. The mid-crustal boundary
was modelled as a gradient zone 3 km +thick which is
consistent with this model. Rocks of basic composition
would occur as eclogites in the lower crust. Eclogites

have velocities greater than 7.8 km/s in the lower crust
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and densities ¢greater than 3.4 gm/cm (Christensen 1982).
These velocities are too high and imply that a dry lower
crust cannot have an average basic composition.

2. If the lowver crust contains water, then the velocities of
rocks of granodioritic to dioritic composition would be
too low (Table 1.1). Basic rocks in a wet lower crust
would occur as amphibolites which have velocities from 7.0
to 7.6 km/s. These velocities are higher than the
observed average velocity of the lower crust.
Incorporation of a proportion of lower velocity acidic and
intermediate gneisses would decrease the average velocity
to the observed values. Such a lower crust would have an
average intermediate to basic composition. A lower crust
comprising 50% amphibolites with 50% gneisses of average
granodioritic composition would yield an average velocity
of 6.70 to 7.45 km/s. This average velocity range 1is
slightly too high. The lower crust beneath the CSSP line

y’wek must therefore have less than 50% of amphibolites.

The PcP and PmP boundaries define the lower crust. PcP 1lies

to the top of an upper zone which contains a greater density

of reflections in the reflective deep crust observed on the

BIRPS WINCH-EF 1line (Fig. 5.21). PRP lies to the top of a

similar 1lower zone which contains a ¢greater density of

reflections (Fig. 5.21). In Chapter 1 the various models
proposed to explain this reflective character of the lower
crust were described. These models propose either
compositional variations or fracture planes which are probably
water saturated to explain the reflectivity of the lower
crust. Compositional variations could be original features of

the crust (e.g. anorthositic Dbanding) or could be produced
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subsequently by igneous intrusion or by metamorphism

associated with tectonism. Planes of weakness would be

produced Dby the tectonism. This reflective character of the
lower crust can be fitted into either of the above geological
models as follows:

1. If +the dry 1lower crust has an average granodioritic to
dioritic composition. the heterogeneities needed to
account for the reflective character can be produced by:
(a) thin bands of eclogite representing basic intrusions

into the lower crust

(b) Anorthositic layering in the lower crust.
Anorthosites have wvelocities between 6.8 to 7.4 km/s
which are slightly higher than the observed 6.75 -
6.77 km/s average velocity in the lower crust. Upton
et al (1983) suggested that anorthosites were common
in the lower crﬁst beneath the Southern Uplands from a
study of volcanic inclusions.

(c) Alteration along shear or fracture 3zones to produce
acoustic impedance contrasts with the surrounding
unaltered lower crustal rocks. Alternatively,
metamorphism associlated with ductile stretching may
cause banding.

2. A mixture of amphibolites and more acidic ¢gneisses 1in a
wet lower crust could produce the observed reflective
lower crust due to the impedance contrasts between the
amphibolites and gneissic bodies or layers. These might
occur either as a result of intrusion or ductile
stretching. In addition shear 2zones and fluid filled
fractures may occur and enhance the reflections from the

lower crust.
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The models proposed can explain Dboth the observed average
velocity and the reflective character of the lower crust
beneath the Irish Sea. The proposed compositional variations
can be explained by either intrusion of additional material or
by alteration of an original homogeneous lower crust into a
banded or sheared medium by tectonic processes such as ductile
stretching and deformation. However, the association of the
banded lower crust with the anomalous deep crustal structure
beneath the Irish Sea in contrast to the North Sea supports a
tectonic origin to the banding during thinning and stretching

of the crust during the formation of the Irish Sea basins.

5.5.3 Nature of the Transitional Moho

The refraction results indicate that the top of the
transitional Moho as defined by the PmP boundary beneath the
Irish Sea 1lies within the deep reflective crust observed on
the BIRPS WINCH-EF line. Its Dbase as defined by the Pn
boundary coincides with the ©bottom of this deep reflective
crust. The average velocity within the transitional Moho is
estimated to be approximately 7.8 to 7.9 km/s from ray tracing
and amplitude modelling. This velocity indicates an
ultra-basic or hybrid eclogitic average composition:

1. If the transitional Moho was originally lower crust it may
have been converted to a near eclogite average composition
by intrusion of Dbasic magmas or by metamorphism of an
original wet lower crust formed predominantly of

amphibolites to a near eclogite average composition.
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There are a number problems wth these models: first.
eclogites are not commonly observed, if at all, as
volcanic inclusions 1in volcanic rocks or in exposures
anywhere in the British 1Isles and second, the crustal
thickening accompanying the intrusion of basic magmas into
the base of the lower crust and the present 5 km thinning
requires an original anomalous thin crust in relation to
adjacent areas.

2. Alternatively the transitional Moho can be interpreted as
original mantle material which has been altered by
shearing and deformation due to the stretching and
thinning of the overlying crust

Both these processes could produce heterogeneities capable of

accounting for the observed reflections. They can be related

to basin formation and the thinning of the crust. Hypothesis
for basin formation are controversial (Bott 1982). Both
underplating and tectonic deformation of the mantle require
thinning of the crust. and, underplating also requires a magma
source. However, the crust beneath the Irish Sea is anomalous
in contrast to the crust beneath the North Sea. This
indicates that the original deep crustal structure beneath the

Irish Sea has been altered possibly during the periods of

basin formation during the Carboniferous or Permo-Trias. A

model involving stretching appears to account for these

changes without requiring heating and extrusion of magnmas

which are not observed in the Irish Sea.
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5.5.4 Nature of the Upper Mantle

The time-term analysis of the Pn arrivals, ray tracing and
amplitude modelling have indicated that the sub-Moho
velocities are significantly higher beneath the Irish Sea than
beneath the North Sea. Amplitude modelling indicates that the
higher velocities and amplitudes of Pn beneath the Irish Sea
and Northern England compared to the North Sea are caused by
steeper velocity gradients in the upper mantle west of central
Northern England (station 34). The anomalous upper mantle
beneath the Irish Sea compared with that beneath the North Sea
could be due to:

1. compositional effects in the peridotitic upper mantle
(Ringwood 1975). This could be an original Caledonian
feature. Such compositional differences, 1if due to
alteration of the upper mantle beneath the Irish Sea. may
be related to either metamorphism produced by hot spot
activity or an influx of fluids or to magma enmplacement
associated with the formation of the transitional Moho by
underplating. It may alternatively be related to
stretching and thinning of the overlying crust.

2. The high velocities may be due to anisotropic effects.
Such effects can be produced by the preferred orientation
of olivine crystals along foliation or cleavage planes in
peridotite (Bamford and Crampin 1984). Such an
orientation of olivine may be produced by stresses caused
by convective mantle upwelling or by the tectonic

processes which also stretch and thin the overlying crust.
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5.5.5 Conclusion

To conclude, the deep structure deduced from CSSP mainly
represents the crust of the Southern Caledonides. ®&ince
continental collision in the late Silurian the crust in the
region has undergone tension and compressioﬁ related to the
Hercynian Orogeny, the formation of the Permian Basins. the
formation of the North Sea and the opening of the Atlantic.
In particular the crust beneath the Irish Sea appears to have
been dramatically altered to produce a marked contrast 1in
crustal structure along the Caledonian strike below the
Iapetus Suture. The detailed composition of the lower crust,
transitional Moho and upper mantle are controversial. Various
geological models have been described. Most of these can
explain the observed properties of the crust. The structure
beneath the North Sea under the eastern end of the CSSP
profile may represent the Dbest example of the original
Cadomian crust. The association of the banded lower crust
with the anomalous deep crustal structure beneath the Irish
Sea in contrast to the North Sea supports a tectonic origin to
the banding produced during thinning and stretching of the
crust possibly during the formation of the Irish Sea basins.
Any future studies of the contrasting crustal structures
across the Iapetus Suture will need to take into account these
significant lateral variations both parallel to and across the

Caledonian trend.
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CHAPTER SIX

SUMMARY AND CONCLUDING REMARKS

An outline of the current state of the understanding of the
structure beneath Northern England and adjacent marine areas
has been given in Chapter 1. Green (1984) and Bott et _al
(1985) present the shallow crustal structure and preliminary
deeper structures beneath the CSSP profile which have improved
upon this understanding. The more detailed 1investigation of
the deep crustal structure beneath the CSSP profile presented
in the preceding chapters also improves upon this
understanding. The unique configuration of the CSSP has
produced an unprecedented quantity of high quality refraction
and wide-angle reflection data. A new method of displaying
the large number of travel times in the form of contoured
plots for a particular phase has been developed which exploits
this innovative design. Each such composite travel time plot
displays the main features of the data for each phase and
presents in one diagram the four types of section which can be
plotted wusing the CSSP data. A summary of the significant
results obtained from the present study is as follows:

1. An analysis of the arrival times of PcP has yielded a
mid-crustal gradient between depths of 15.5-18.5 km
beneath the Irish Sea, which was not recognised
previously., and between depths of 15.0-18.0 km beneath the
North Sea. The average upper crustal velocity was
estimated to be 6.03 km/s including sediments and 6.20
km/s excluding sediments beneath the Irish Sea, and, 6.01

including sediments and 6.16 km/s excluding sediments
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beneath the North Sea.

Two-dimensional synthetic seismogram modelling indicates
that the disappearance of Pg east of shot N11 can be
explained by a lateral decrease in the basement velocity
beneath shots N20 to N25 from 6.15 km/s to 5.8 kn/s. No
other lateral velocity variations within the upper crust
have been identified.

An analysis of the arrival times of PmP has yielded a
lower-crustal boundary which deepens from a depth of 25.0
km beneath the Irish Sea to 30 km beneath the North Sea.
The average crustal velocity beneath the Irish Sea is
estimated to be 6.39 km/s 1including sediments and 6.49
km/s excluding sediments. Beneath the North Sea it 1is
6.36 km:s including sediments and ©6.54 km/s excluding
sediments. The average velocity of the lower crust is
celculated to be 6.77 km/s beneath the Irish Sea and 6.75
km/s beneath the North Sea. No other significant lateral
variations in the lower crust have been identified.
Time-term analysis of the Pn arrivals indicate sub-Moho
velocities of 8.19 (8.12 - 8.29) km/s beneath the Irish
Sea, 8.32 (8.19 - 8.49) km/s beneath Northern England and
8.02 (6.34 - »10.0) km. s beneath the ©North Sea.
Constraints imposed by the Bouguer gravity anomaly along
the profile indicate a Pn velocity of 8.02 (+/- 0.1) km/s
beneath the North Sea. The depths calculated define a Pn
boundary which shallows from 32 km to 30 km from beneath
the Irish Sea towards Northern England and 1is at a
constant depth of about 30 km beneath the North Sea.
Synthetic seismogram modelling using both the reflectivity

and ¢generalized ray theory methods indicate that the
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In

sub-Moho gradient below the Pn boundary is steeper beneath
the Irish Sea than beneath the North Sea. The lateral
decrease 1in the sub-Moho velocity gradient occurs beneath
the middle of Northern England below about station 34.

The contrasting depths calculated for the PmP and Pn
boundaries define a transitional Moho beneath the Irish
Sea.. Synthetic seismogram modelling using both  the
reflectivity and generalized ray theory methods indicates
that the PmP boundary is an abrupt increase 1in velocity
from 6.75 to 7.8 km/s over a depth range of about 1 km.
This is underlain by a gentle velocity gradient within the
transitional Moho from 7.8 to 8.0 km/s. Beneath the North
Sea the coincident PmP and Pn boundaries define an
interface across which the velocity increases abruptly
over about a km from 6.75 km/s to 8.0 km/s.

Section 1.6 several specific questions were formulated

which it was hoped would be answered by this study. Several

of

these questions have already been answered in the above

summary. The remaining questions are discussed below.

1.

A comparison of the CSSP results and BIRPS indicates that:

(a) The PcP interface corresponds approximately with the
top of the reflective lower crust observed beneath the
Irish Sea. No distinctive lower crust was observed on
the NEC 1line although the Caledonian Suture Seismic
Project refraction results indicate a mid-crustal
boundary at about 6.0 s two way travel-time.

(b) The PmP boundary beneath the Irish Sea lies within the
reflective lower crust.

(c) The Pn Dboundary beneath the Irish Sea coincides

approximately with the base of the reflective lower
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(a)

(a)

crust. The coincident PmP and Pn interfaces beneath
the North Sea almost exactly correspond to the
prominent reflections observed on the NEC line at
about 10.5 to 11.0 s two way travel time.

(d) The transitional Moho beneath the Irish Sea has a

reflective character similar to the lower crust.

A comparison of refraction and BIRPS deep reflection

profiles elsewhere 1in the British Isles indicates that a
sharp Moho produces a narrow band of prominent vertical
reflections and large amplitude wide-angle reflections.
In areas where the Moho appears to represent the Dbase of
the reflective lower crust, no prominent vertical or wide
angle reflections are observed. ©Such a Moho is recognised
as a complicated transition zone between the lower crust
and upper mantle in the northern Irish Sea and may be
developed more regionally beneath the Irish Sea.
A comparison of the Irish CSSP results with the mainline
CSSP results indicate that the PmP boundary shallows from
Ireland towards the centre of the Irish Sea. No results
from an analysis of Pn have been reported for the Irish
CSSP profile. The calculated gravity anomaly using the
seismic structure Dbeneath the entire CSSP profile
indicates a possible 35km disparity between the depths of
the mid-crustal boundary beneath Ireland and the mainline
CSSP profile across Northern England. The calculated
gravity along the entire CSSP 1line fits the observed
gravity anomaly to within 5 mgal if the depth to the
mid-crustal boundary beneath Ireland is reduced by 35km.

The BIRPS WINCH and NEC line indicate that the CSSP 1line
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appears to lie very close to the inferred surface trace of
the TIapetus Suture from the North Sea to the Irish Sea
except west of the Solway Basin wvhere it lies
significantly to the north. This means that the basement
of velocity 6.15 km/s which increases to 6.20 km/s at
depth in the wupper crust lies both above and below the
suture along the line. The lower cfust and deeper
structures from the North Sea to the Irish Sea lie below
the suture and therefore represent crust of the Southern
Caledonides. The anomalous structure of the Moho and
upper mantle beneath the Irish Sea found from CSSP and
BIRPS may be related to the post-Caledonian formation of
the Irish Sea basins. The reflective lower crust and
transitional Moho may result from crustal thinning

produced by ductile stretching.

6.1 FURTHER WORK ON THE CSSP DATA

It has been possible to examine only a limited amount of
the data collected during the Caledonian Suture Seismic
Project. It is suggested that the following work needs to be
carried out on the remaining data.

1. An analysis of the Eskdalemuir, LOWNET and BGS CSSP data
should lead to a better understanding of the structure
north of the CSSP line wunder the Southern Uplands and
beneath the Irish Sea. The variations in velocity
structure related to the disappearance of the reflective
lower crust beneath the Southern Uplands could be
investigated in detail.

2. An analysis of the excellent shear waves recorded from the
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North Sea shots (Fig. 6.1) should lead to a better

understanding of the composition of the crust.

6.2 FURTHER WORK

There is still a considerable amount of information to be
gained from the CSSP data. This study. héwever. has posed
some questions that are best answered by further surveys. The
most interesting questions raised are
1. Is the transitional Moho developed regionally beneath the
Irish Sea as indicated by the regional gravity high and
the widespread occurrance of a reflective lower crust? In
addition, +the wvarying crustal structure beneath the
westward extension of the ’'Southern Uplands observed on
WINCH may represent contrasting crustal structures across
the Iapetus suture. Alternatively, the disappearance of
the reflective lower crust may be related to the northward
thinning of the transitional Moho. Green (1984) proposed
a north-south reversed wide-angle reflection/refraction
profile between the Isle of Man and the Mull of Kintyre
with stations deployed on the Isle of Man and Stranraer
Peninsula to investigate the northward extension of the
6.15 kn/s basement refractor beneath the Southern Uplands.
Such a profile might also confirm the inferred regional
development of the transitional Moho beneath the Irish Sea
and the variations northwards in its structure.

2. Given these major lateral contrasts in crustal structure
beneath the Irish Sea along the Caledonian strike, the
structure beneath the North Sea may be the best example of

the original Cadomia crust. No detailed velocity
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structures of the deep crust beneath the Southern Uplands
are available. This means that the question of whether
there are contrasts in the velocity structure of the deep
crust across the Iapetus Suture remains unanswered. The
results from CSSP have indicated the usefulness of
shooting along strike refraction profiles with the use of
both closely spaced stations and closeiy spaced shots.
The deep crustal structure beneath the Southern Uplands
can be investigated best by shooting a refraction profile
similar to CSSP along strike from west to east. The
resulting structures north and south of the Iapetus Suture
beneath the adjacent along strike profiles can then be
compared to deduce whether any contrasts represent remnant

structural differences between the Southern and Northern

Caledonides.
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