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ABSTRACT

Gravity, magnetic and seismic reflection profiles from the sea
area between the Faeroe Islands and Scotland were obtained on the
1967 and 1968 cruises of RRS John Murray. The submarine shelf adjacent
to the Faeroe Islands is separated from the continental shelf and slope
north of Scotland by the Faeroe-Shetland Channel. The purpose of the
cruises was to provide geophysical evidence of the geological structure
of the region,

Gravity and seismic reflection profiles across the Faeroes shelf,
SE of the Faeroe Islands, indicate a substantial thickness of post-
Mesozoic sediments. The gentle submarine slopes bordering the Faeroe-
Shetland Channel are made up of seaward dipping sediments, Gravity
profiles show that the Channel is associated with a Bouguer anomaly
"high", This is interpreted as caused by a thinning of the crust beneath
the Channel in close agreement with the predictions of the Airy-Heiskanen
hypothesis of isostasy.

Geophysical surveys around the Hebrides, Orkneys and Shetlands
represent a large area of previously uninvestigated British continental
shelf and slope. The Bouguer anomaly map shows a large gravity "high"
reaching 94 mgal which is continuous for 250 km and trends NNE-SSW
across the shelf. This is interpreted as caused by a seaward extension
of dense Precambrian basement rocks outcropping in NW Scotland. Large
amplitude gravity "lows" have been outlined on the shelf and slope north
of Scotland. A large amplitude "low" 70 km west of the Shetlands has
been interpreted as caused by a deep sedimentary basin infilled by
Mesozoic/Tertiary sediments and bounded on its SE margin by a large
normal fault. A buried basement ridge has been located west of the
gravity "low", near the shelf break in slope. Recent sediments form
the continental slope which gently truncates the older Caledonian

structures on the shelf.
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CHAPTER 1

INTRODUCT ION

1-1., Geological setting.

The sea area between the Faeroe Islands, the Shetlands and northern
Scotland represents about 75,000 sq.km of the NE Atlantic Ocean. The
Faeroe Islands outcrop on a submarine shelf at the SE end of the Iceland-
Faeroes Rise and the NE end of the Faeroe Rise (Fig., 1=1), The Faeroes
shelf is separated from the continental shelf and slope north of Scotland
by the NE-SW trending Faeroe-Shetland Channel, up to 1+6 km deep and 75 km
wide. The only connection between the Faeroe Rise and the continental
shelf north of Scotland is the narrow NW=SE trending Wyville Thompson Rise.
The Wyville Thompson Rise, which reaches a depth of about 500 meters,
separates the Faeroe-Shetland Channel to the NE from the Rockall Trough
to the SW. The continental shelf break in slope north of Scotland occurs
between 140 and 230 meters and the slope dips gently at about 2° NW of the
Outer Hebrides decreasing to about 1° NE of the Shetlands.

The Faeroe Islands are made up of at least 3 km of Lower Tertiary
plateau basalts (Walker and Davidson, 1936; Noe-Nygaard and Rasmussen,
1968; Tarling and Gale, 1968)., Rockall Islet, at the SW end of the
Faeroe Rise, probably represents a Lower Tertiary granite intrusive complex
(Sabine, 1965; Miller and Mhor, 1965). Pre-Tertiary rocks are unknown
from the two outcrops ‘on the Faeroe Rise although metamorphic rocks have
been dredged between Faeroe Bank and Rockall Bank (Carruthers et al., 1923).
Unlike NW Scotland, the plateau basalts on the Faeroe Islands are not
associated with any known intrusive complexes and were probably extruded
from NW-SE trending sub-aerial fissures and shield volcanoes (Noe-Nygaard,

1968). The extrusion of the lavas was followed by an intrusive period of
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Fig. 1-1. Physiographic map of the Northeast Atlantic. Partly after
Avery et al, (1968). Pre-Mesozoic structural trends after
Rutten (1969).




dyke and sill emplacement. The final event in the Faeroe Islands appears

to have been a gentle warping of the lavas into a NE-SW trending anticline
which may have produced the present NW-SE trending pattern of "master" joints
and f jords.

The land areas adjacent to the continental shelf and slope north of
Scotland form a significant part of thé Caledonian fold-belt. The Caledonian
fold-belt in northern Scotland is divisible into three tectonic units:

a Precambrian basement area to the west, a central metamorphic belt and a
post-orogenic Old Red Sandstone area to the east. The Precambrian basement
rocks form a broad NNE-SSW trending outcrop in West Sutherland where they
include assemblages of gneisses and pyroxene granulites. Precambrian
basement rocks (collectively referred to as the Lewisian) outcrop in the
Outer Hebrides (Jehu and Craig, 1923), North Rona (Nisbet, 1961) and the
Skerries (Geological Survey, 1957). In NW Scotland the Lewisian is overlain
with marked unconformity by the Torridon Sandstones. During the late
Precambrian and early Palaeozoic the Lewisian basement formed a stable
foreland to a sedimentary trough to the SE (Watson, 1963). A monotonous
series of sandstones and argillaceous sediments, which make up the Moine
Series, were deposited in the trough at the same time as part of the
Torridon Sandstone Series (Watson, 1963). The Moine Series were extensively
migmatised and metamorphosed during the final Caledonian movements of late
Silurian and early Devonian times (Giletti et al., 1961). Moine schists
were overthrust NNW onto Lewisian basement at a shallow angle along the
Moine Thrust belt, which extends from the north coast to the Sleat of Skye.
The metamorphic belt is also made up of Dalradian schists and gneisses in
central Scotland, SE of the Moine schists, but do not occur north of the
Great Glen Fault. They may, however, be represented by the East Mainland
metamorphic succession in the Shetlands (Miller and Flinn, 1966). Moine

and Dalradian rocks of the metamorphic belt are overlain with widespread
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discordance in Caithness, Cromarty and Aberdeen by post~orogenic Old Red
Sandstone sediments. It is probable that the coarse grained sediments

were deposited in a deep trough within the metamorphic belt which extended
from the flanks of Moray Firth to Caithness, the Orkneys and the Shetlands
(Waterston, 1965). Devonian igneous activity involved the emplacement

of granitic sheets and intrusives in Sutherland, Caithness and the Shetlands
and the extrusion of lava in the Orkneys (Wilson et al., 1935) and the
Shetlands (Flinn et al., 1968).

Mesozoic sediments outcrop in the coastal areas of Scotland and in the
Shiant Islands, North Minch (Hallam, 1965). A discontinuous sequence of
Trias to Kimmeridge occurs in Bast Sutherland at the NW margin of the Moray
Firth (Bailey and Weir, 1932). The thickest Jurassic succession is observed
in Skye and Raasay where the basal sediments are Lower Lias limestones
(Hallam, 1965). The coarse sediments from the Middle Jurassic Great
Estuarine Series in Skye and Raasay were derived mainly by erosion of
metamorphic and intrusive rocks of the Scottish Highlands (Hudson, 1964).
Cretaceous sediments outcrop in Mull and Morven on the west coast, and
glacial erratics of iower and Upper Cretaceous age occur in East Sutherland
(Hallam, 1965)., At the end of the Cretaceous the coastal areas were partly
uplifted, faulted and peneplained prior to the extrusion of Lower Tertiary
plateau basalts.

Tertiary igneous activity in NW Scotland formed part of the Thulean
province extending to Northern Ireland, the Faeroe Rise, Iceland and
Greenland. The plateau basalts in NW Scotland are frequently intruded by
acid to ultrabasic complexes (Richey, 1961). The complexes are associated
with the products of explosion vents and dyke swarms and examples have been
described from Ardnamurchan, Skye, Rum, Mull and St. Kilda (Stewart, 1965).
Tertiary sediments are confined to thin terrestrial accumulations below

and within the lava sequence.




-4

During the Quaternary Scotland was extensively glaciated. The
glaciation probably extended to the Outer Hebrides, North Rona, the
Orineys and the Shetlands. The present position of the first post-glacial
shoreline suggests an isostatic post~glacial recovery of Scotland (Sissons,
1965).

The dominant trend direction of the main faults in Scotland is NNE-SSW
and NE-SW (Pitcher, 1969). The Great Glen Fault has been interpreted as
a sinistral transcurrent fault (Kennedy, 1946). Holgate (1969) has proposed
two transcurrent movements along the Fault line. The first was a sinistral
movement of about 120 km, similar to that envisaged by Kennedy (1946),
which occurred in late Lower or early Middle Old Red Sandstone times and
the second, a dextral movement of about 29 km during the Lower Tertiary.
Flinn (1961 and 1969) has suggested that the sinistral component extends
beyond the Moray Firth to be represented in the Shetlands by the N-S
trending Walls Boundary Pault. PFurther transcurrent faults have been
proposed along NNE-SSW trends which displace parts of the Moine and
Dalradian outcrop (Pitcher, 1969). Dearnley (1962) suggested that the
Scourie assemblages of the Outer Hebrides and NW Scotland are displaced by

a sinistral transcurrent fault at the NW margin of the North Minch,

1-2, Previous geophysical surveys.

There had been a limited number of geophysical invéstigations of the
sea area between the Faeroe Islands and Scotland before the 1967 and 1968
cruises of RRS John Murray. Sea gravimeter traverses of the continental
shelf and slope north of Scotland were obtained on the 1965 cruises of
MV Hvidb jérnen (Geodaetisk Institut Copenhagen, personal communication)
and HMS Hecla (Midford, 1965). The preliminary traverses showed that the
continental shelf was agsociated with large gravity and magnetic anomalies.

Midford (1965) interpreted the gravity "lows", on a single traverse between
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west of the Shetlands and the North Minch, as caused by deep sedimentary
basins. The only other recorded investigations include a reversed seismic
refraction profile across the SE margin of the Wyville Thompson Rise
(Bwing and Bwing, 1959) and a closely spaced magnetic survey SE of Lerwick,
Shetland (Wilson, 1965).

Geophysical investigations in the Faeroe Islands, the Shetlands and
the Orkneys have been completed. Saxov and Abrahamsen (1964 and 1966)
described the results of density measurements and gravity surveys of the
basalt lavas in the Faeroe Islands. Seismic refraction profiles show that
the basalts extend to depths of at least 2 to 5 km (Palmason, 1965).
Palaeomagnetic investigations by Abrahamsen (1967) were followed by isotopic
age determinations of the lavas by Tarliné and Gale (1968)., A complex
pattern of Bouguer anomalies ranging from +2 to +47 mgal have been obtained
from geophysical surveys of the Shetlands (McQuillin and Brooks, 1967).
Several large magnetic anomalies were discovered in Unst, Shetland. The
pattern of Bouguer anomalies outlined on the Orkneys is simpler and more
clearly related to the local geology (McQuillin, 1968). Geophysical data
available from NW Scotland are restricted to the gravity traverses and
density measurements obtained by Storry (1969) across the Ben Stack Line
in West Sutherland,

Geophysical investigations of the sea area between the Faeroe Islands
and Scotland have been completed since the 1967 and 1968 cruises of
RRS John Murray. Stride et al. (1967) described a single seismic reflection
profile from the Wyville Thompson Rise to the Faeroe Bank., A gravity
traverse of the continental shelf and slope between the Pentland Firth and
the Faeroe Bank was obtained on the 1968 cruise of MV Meteor (Deutches
Hydrographisches Institut, personal communication). Aeromagnetic surveys
of the region between the Faeroe Islands and the Shetlands north of 60°N

have been completed on BSE=WNW traverses (Avery et al., 1968). The
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Institute of Geological Sciences (IGS, 1968) aeromagnetic survey of Great
Britain included the Shetlands, the Orkneys, the Outer Hebrides and part
of the continental shelf north of Scotland. A descriptioq and qualitative
interpretation of the aeromagnetic maps north of Scotland has been made by
Flinn (1969), Stride et al, (1969) described the first complete seismic
1 reflection traverse of the continental shelf and slope NW of the Pentland

Firth,

1-3. Aims of this investigation,

The purpose of this thesis is to describe the reduction and interpretation
of gravity, magnetic and seismic reflection profiles obtained between the
Faeroe Islands and Scotland on the 1967 and 1968 cruises of RRS John Murray.
Where possible data from other surveys in the region have been incorporated.
Chapter 2 describes the observation and r;auction of geophysical data. An
account of the computer methods used to reduce the data, the observational
errors and the presentation of results is given. A general description and
interpretation of geoLhysical data obtained between the Faeroe Islands and
Scotland is the subject of Chapter 3. A brief account is given of the
evidence relating to the deep structure of the Faeroe~Shetland Channel
and the shallow structure of the Faeroes shelf and the Channel., Chapter 4
describes in detail the geological interpretation of marine geophysical
data from the continental shelf and slope north of Scotland. Evidence of the
éeological structure is obtained from the gravity and magnetic results,
seismic reflection profiles and the geology of adjacent land areas.
Interpretation of gravity and magnetic profiles have been made, where
applicable, using computer techniques available at Durham. The
interpretations are intended as working hypotheses which could be tested by
further seismic experiments and bottom sampling. A general geological

interpretation of the Faeroes to Scotland region and its regional

implications are considered in the concluding remarks of Chapter 5.




CHAPTER 2

GEOPHYSICAL SURVEYS AND THEIR REDUCTION

2-1, Geophysical surveys.

The recording and reduction of marine geophysical data obtained in the
Faeroes to Scotland region on RRS John Murray are discussed in the following
sections. The 1967 cruise of RRS John Murray provided reconnaissance
traverses north of Scotland as an extension of the Iceland-Faeroes Rise
survey described by Stacey (1968). In 1968 a regional geophysical survey
of the continental shelf and slope around the Outer Hebrides, the Orkneys
and the Shetlands was completed. The tracks of the RRS John Murray in the
Faeroes to Scotland region are shown in Figure 2-1.

Variations in the Earth's gravity field were recorded with a Graf-
Askania sea gravimeter on loan from the Department of Geodesy and Geophysics,
Cambridge University. The gravimeter was operated at a controlled
temperature of 40°C and required manual adjustment of the main spring. A
fault developed in the latter part of the 1968 cruise which allowed the
gravimeter to cool down to 27°C. The meter was immediately tied into
Thorshavn gravity base station where no measurable discrepancy was recorded.
The gravimeter was mounted on an electrically erecting gyrostabilised
platform manufactured by the AnshWitz Company, Kiel. The gyro erection system
was operated in the "fast" mode during the 1967 cruise and the "normal"
mode during the 1968 cruise. The movements of the damped beam were recorded
on an Enograph chart recorder. A cross~-coupling computer on loan from the
Department of Geodesy and Geophysics, Cambridge University was available on
the 1968 cruise.

Variations in the Earth's total magnetic field were recorded on both

cruises using a direct reading proton magnetometer supplied by the Natural

Bnvironment Research Council. Echo-soundings were made with a T.H. Gifft
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model GR-T recorder and a Marconi Seagraph 3.

Continuous seismic reflection profiles were obtained during the 1968
cruise with an BE.G. and G. seismic profiling system supplied by the
Natural Environment Research Council. The seismic reflection "sparker"
system was operated at 1,000 to 2,000 joules by firing at 1 second intervals.
The "sparker" array consisted of 3 electrodes mounted 2 feet apart on a
sledge towed astern of the ship. The receiving éystem consisted of a multi-
element hydrophone array and an E.G. and G. Type 254 seismic recorder. The
seismic reflection system was operated for survey speeds of 5-6 knots.

Navigation in the Faeroes to Scotland region was with the Decca
Navigator system operated in the North Scottish chain. A mark 12 receiver
was used in both cruises. Limited use was made of a Loran A recording
system near the Faeroe Islands and the Shetlands where Decca control was
poor.

A common digital clock provided time marks at 10 minute intervals on
the 19067 cruise simultaneously on the echo-sounder, Varian recorder and
the Enograph. Due to a failure of the clock early in the 1968 cruise the

time marks had to be triggered manually from an independant digital clock.

2=-2, Gravity surveys and their reduction.

2=2-1, Introduction.

Since the reconnaissance gravity traverse of HMS Hecla (Midford, 1965)
four cruises have added approximately 2910 gravity stations in the Faeroes
to Scotland region. The cruises have been divided up into arbitrary "legs".
Each "leg" corresponds to a single passage by one ship between two ports
(Table 2-1). With the exception of Kirkwall the ports were locations of
gravity base stations used to compute the values of gravity at sea. Gravity
observations during the 10 cruise "legs" were made with a Graf-Askania

GSS2 sea gravimeter mounted on a gyrostabilised platform, The results of
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the 10 cruise "legs" have been incorporated in a free air anomaly map of the
Faeroes to Scotland region (Fig. 3-1) and a Bouguer anomaly map of the
continental shelf and slope north of Scotland (Fig. 4~-1).

The reduction of surface ship gravity data from "legs" 3=6 and "legs"
8=10 on RRS John Murray are discussed in the following sections. The data
from "legs" 3=6 were reduced manually but data from "legs" 8-10, which
contributed about 60% of all the sea gravity stations, were reduced by a
computer programme written for the N.UM.A.C. I.B.M. 360/67. The details
of the computer reduction are followed by a brief account of observational

errors and data presentation.

2=2=2. Gravity base stations.

Gravity stations at sea are established by computing differences from
land base stations where gravity is accurately known. The IGS gravity base
stations at Lerwick, Stornoway and Plymouth occupied on the RRS John Murray
cruises are baséd on a fundamental base station at Pendulum House, Cambridge
Observatory. The gravity stations established at sea therefore depend
on the absolute value of gravity at Pendulum House. Bullard and Jolly (1936)
obtained a value of 981265°0 mgal for gravity at Pendulum House based
on the Potsdam system. This value has been used in previous gravity surveys
(e.g. Midford, 1965). However, a more accurate value was obtained by
Cook (1953) as 981268¢5 X 0°+3 mgal.

The Cook (1953) value has been used to determine the value of gravity

at the IGS base stations, occupied during the marine surveys. The gravity
base station at Thorshavn I (Saxov and Spellauge, 1967) occupied during the
cruise "legs" (Table 2-1) is based on an absolute gravity value at
Copenhagen Buddinge. The determination at Thorshavn I was readjusted

to be based on Pendulum House using observed gravity differences between
Pendulum House and Europe (Solaini et al., 1963; Winter et al., 1961;

Cook, 1952). The results have been tabulated (Table 2=2).
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TABLE 2-2

GRAVITY BASE STATIONS OCCUPIED DURING THE MARINE SURVEYS ADJUSTED

TO THE FUNDAMENTAL STATION AT PENDULUM HOUSE, CAMBRIDGE OBSERVATORY

(g = 9812685 mgal).

Base Station Reference Gravity
Name (mgal)
Millbay Dock IGS 981130°5
Stornoway Town IGS 681830+4
Lerwick Town IGS 981963 +4
Thorshavn I Saxov and 9821086

Spellauge, 1967

A gravity value was obtained at the quay adjacent to the ship by

observing gravity

gravimeter. This

differences from the base station with a Worden "Master™

value was then reduced to sea-level and used in the

computation for gravity at sea.

2-2-3. Free air anomaly reduction.

An important

problem in the reduction of marine gravity data is the

correct computation of the EBtvBs correction (Harrison, 1960). This is

caused by the change in centripetal acceleration experienced on a gravimeter

when a ship travels relative to the rotating spherical Earth. The EBtvbs

correction (E) is

E

where C

A

S

R

In the Faeroes to

given by Worzel (1959):

7487 x SinCCosA x S + Sz/R
ship's heading

latitude of ship

speed of ship (knots)

radius of the earth

Scotland region the maximum value of E for a ship travelling

at 9 knots is approximately 33 mgal. Most of the ship's tracks for "legs"
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3=6 and "legs" 8~10 trend NW-SE (Fig. 2-1). For a ship travelling on this
course at 8 knots a change or determination error in the heading by
1 degree causes a change in E of O<*4 mgal but a change or exror in the
speed of the ship of 1 knot causes a change of 2°*7 mgal. It is therefore
1 of some importance to establish as accurately as possible the true heading
and speed over the ground. This ultimately depends on the accuracy of the
navigation system used.
A Decca navigator system was used during the 1967 and 1968 cruises of
RRS John Murray. During "legs'" 3-6 the positions were recorded at half hour
intervals and plotted on a 1:1,000,000 plotting sheet. The positions were
then manually adjusted to give a smoothed shiﬁh track which was used to
compute the BBtvBs correction averaged for approximately one hour. The
smoothed value was then assigned to each ten minute gravity reading.
During "legs" 8~10 the positions were obtained at ten minute intervals and
the amount of heading changes and speed variations between each pair of
positions computed. It was clear that significant speed and heading changes
occurred in regions far from the Decca transmitter stations. Variable
errors, particularly at night, occur in the Deccometer readings due to
skywave interference. In regions where two Decca patterns cross each other
at shallow angles a "diamond of error" occurs around the correct receiver
position., A marine gravity reduction programme (MGRED, Appendix A) was
written to compute the smoothed ship's tracks from the observed positions
by assuming each latitude and longitude to be in error.
The first computation stage of MGRED reads the gravity header cards
(Appendix A=1) containing information on the gravity at sea=level at the

ports, Enograph and gravimeter calibration factors and the programme storage

requirements. Following a short computation for the drift of the gravimeter
the navigation cards (Appendix A-l1l) are read and stored. Each card has a time

identification, latitude and longitude value obtained as punched card output
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from a programme written by the Decca Navigator Company to convert Deccometer
readings to geographical co-ordinates. MGRED sorts the computed positions
into a number of courses. A change in the ship's course is defined when
the heading change between two pairs of positions exceeds a specified value.
The programme checks that the course has not been triggered incorrectly
by a position in error. ‘The main computation begins by operating on each
stored course sequentially. A regression line is fitted to the positions
defined for each course. The observed positions are then brought
perpendicularly onto the regression line and re-defined as the "smoothed"
position. The distance and speed are computed between pairs of '"smoothed"
positions and stored. Gravity cards (Appendix A-1) are then read for each
“"smoothed" position. Free air anomalies are computed from the 1930
International Gravity formula from the "smoothed" positions. The results
are punched on cards in a similar format (Appendix A-1) to that proposed
by Talwani (1966a). If the last gravity anomaly has been computed for the
course, computation is returned to the main loop and a new course begun.

The method depends for success on the correct determinations of course
changes as specified by the heading tolerance. A problem occurs if a
change in course is not detected., This could occur if a ship was affected
by a gradual drift causing an undetected change in course between two
pairs of observations. The traverses of the shelf and slope north of
Scotland were generally less than 100 km. A heading tolerance of 52 to 9°
was used for '"legs' 8-10 so the traverses of the shelf and slope were divided
into a large number of courses, the longest not exceeding twelve hours. It
is probable that serious errors have not resulted from drifting of the ship
for these time intervals. This is generally confirmed by the continuity of
"smoothed" tracks plotted on the shelf. It is possible that for long courses

such as occurred between the Faeroe Islands and Scotland a systematic error
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in the EBtvBs correction of up to 8 mgal could occur. The general
inaccuracies in the navigation data adjacent to the Faeroe Islands caused

a sufficient number of course changes to reduce the errors due to drift.

2=2-4, Bouguer anomaly reduction.

The Bouguer anomaly is obtained by correcting the computed free air
anomaly for the mass deficiency of the water. The mass deficiency can be
computed for each depth observation from the horizontal infinite slab
formula. Errors in the application of the slab formula will occur if the
sea bottom topography changes rapidly around a station. In the Paeroes to
Scotland region the maximum submarine slopes do not exceed 3° which would
cause a maximum likely error of 1~2 mgal for deep water stations. The
Bouguer anomaly profiles used in interpretations, or in the computation
of isostatic anomalies, incorporate a Bouguer correction computed by GRAVN
(Bott, 1969a).

A common practise in the choice of topography density for the computation
of the Bouguer correction is to use an average crustal density of
267 g/cm3 (Woollard and Strange, 1961). The method of Nettleton (1939)
chooses a density which shows the least correlation with topography. A
meaningful approach is to use the mean density of the crystalline basement
in the region, if it is known. The thick Lower Tertiary basalt lavas on
the Faeroe Islands (Palmison, 1965) probably extend SE to underlie large
thicknesses of recent sediments on the Faeroes shelf (Section 3=5). The
basalt lavas have a mean density of 2+86 g/cm3 (Saxov and Abrahamsen, 1966).
North of Scotland, islands of Lewisian basement rocks outcrop on the shelf.
254 samples of Lewisian gneiss from the Outer Hebrides have a mean density
of 280 g/cm3 (R. McQuillin, personal communication). Although the geological
structure of the Faeroe-Shetland Channel is unknown the mean density of

crystalline basement in the region was determined between the Faeroe Islands




-15=

lavas and the Outer Hebrides gneisses as 283 g/cm3. An error in the assumed
density of X 0+03 g/cm3 would cause a maximum error of ¥ 0+2 mgal for the
continental shelf north of Scotland and X 2°0O mgal for the Faeroe~Shetland

Channel.

2=2=5, Brrors of observation.

Important sources of error occur in a gravity reading at sea which are
independent of the navigation system used. A problem of a gravimeter
mounted on an electrically erecting gyrotable is platform off-levelling.
Brrors due to off-levelling occur if the platform is subjected to a tilt in
the presence of horizontal accelerations of a similar frequency (Harrison,
1960). The level of the platform can be corrected at sea by manually
applying error signals. Checks of platform levelling were made during
scientific watches and corrections were not applied unless the levelling
bubbles deviated more than 5 divisions from level. Calibration of the off-
levelling error on the pitch and roll axis of the platform showed that
for a table off-levelling error of 5 divisions the corresponding reduction
in the gravity reading was 1 mgal.

For a sea gravimeter with heavy damping and small deflection of the beam
Lacoste and Harrison (1960) have shown that errors due to cross=coupling can
occur, Cross=coupling errors occur if horizontal accelerations act in the
direction of the beam with the same period as the vertical motions of the
beam. The magnitude of these errors can be quite significant and they
appear to depend on the sea state and the angle of approach of the swell to
the ship (Wall et al., 1966; Talwani et al., 1966)., The magnitude of the
cross—coupling errors for "legs" 1-7 of the Faeroes to Scotland gravity
surveys are unknown, Prior to the 1968 cruise the only published account
of cross~coupling errors on RRS John Murray were seven determinations by

Day (1967). A continuous recording cross=coupling computer was available
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for "legs" 8~10 of the 1968 cruise. The computer determines an instantaneous
cross-coupling error from an output of the beam motion and the horizontal
accelerations it experiences (Haworth,1967). The instantaneous error is
then filtered by two low~pass filters to enable a direct comparison with the
gravity reading recorded by the Enograph. The filtered cross-=coupling errors
sampled at half hour intervals for a period of three weeks on RRS John Murray
are shown in Figure 2=2=2. The resulting histogram shows that although the
error is normally * 2 mgal, errors of up to X 22 mgal can occur. Less than
10% of the sampled errors exceed 6+5 mgal (Fig. 2-2-2). Figure 2=-2~1 shows
the relation of the filtered cross~coupling error to changes of the relative
angle of approach of the sea and swell measured anticlockwise from the
direction of the ship®s heading (Angle K, Fig. 2-=2=1). There is a relation
between the magnitude and polarity of the filtered cross—=coupling error
and the angle K. PFor the Graf-Askania sea gravimeter on RRS John Murray,
which is mounted with its front plate facing forward and the beam pivot
along the aft direction of the ship, the errors are generally positive for
head seas and negative for following seas (Fig. 2-2=1), These results are
in agreement with Wall et al. (1966), Bower (1966) and Day (1967). The
magnitude of the errors even for average sea states suggest that corrections
should be applied to the computed gravity anomalies. Cross=coupling errors
have not, however, been applied to the data from "legs" 8=10 since it would
not significantly improve the overall accuracy of the gravity anomaly maps.
The Graf—-Askania sea gravimeter incorporates heavy magnetic damping to
reduce the response of the beam to large vertical accelerations (Graf and
Schulze, 1961). It has been shown that heavy damping can result in an
amplitude reduction and an indication lag of a gravity aAomaly (Graf and
Schulze, 1961). Steep gravity gradients of up to 9 mgal/km have been
recorded on the continental shelf north of Scotland. A particularly sharp

change in gravity occurs on the NW margin of gravity "high" A (Fig. 4-10).
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The anomalies were traversed at survey speeds of 5 to 6 knots and it is
considered unlikely that response errors are generally significant for the
observed gradients north of Scotland. Response errors may occur on the NW
margin of gravity "high" A. A damping setting of O+5 was used during
the surveys which caused a data presentation delay of 4 minutes.

Drift of the gravimeter has been computed between gravity base stations
and applied to each reading by assuming a linear increase in drift between
ports.

The drift rates for "legs" 3-6 and "legs" 8-10 on RRS John Murray

are shown in Table 2-3.

TABLE 2-3

DRIFT RATES OF GRAP-ASKANIA SEA GRAVIMETER ON RRS JOHN MURRAY

"Leg" number Drift rate "Leg" number Drift rate
(mgal/day) (mgal/day)

3 =03 8 =17

4 =15 9 ~06

5/6 -0-4 10 =Qe7

An estimate of the overall accuracy of the gravity survey can be made
from track intersections. A value of the free air gravity anomaly at a
cross-over point was determined by linear interpolation between two
observations. Track intersections in regions of steep gravity gradients and
for distances between observations exceeding 3 km were ignored. The
mean cross-over error was determined from 46 observations as 5.1 mgade

The distribution is shown in

Table 2-4.

2-2-6. Results.

The advantage of an automated gravity reduction system is that the

punched card output can be inputted to data display programmes. A "mapping"
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TABLE 2-4

HISTOGRAM OF CROSS-OVER ERRORS FOR SURPFACE SHIP GRAVITY DATA BETWEEN
FAEROES AND SCOTLAND
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programme was written for the Durham I.B.M. 1130 system in Portran II to
plot the computed free air or Bouguer gravity anomalies on Transverse
Mercator or National Grid projections on.the on-line Calcomp X-Y plotter.
A "profiling" programme was written to plot bathymetry and gravity anomaly
profiles for a specified horizontal scale. The display of both programmes
are based on descriptions by Talwani (1966b).

The marine gravity data from the 10 cruise "legs" (Table 2-1) have
been combined into a free air anomaly map of the Faeroes to Scotland region
plotted on a Transverse Mercator projection at a scale of 1:1,000,000 at
65°N (Fig. 3-1). The free air anomaly results in the Faeroes to Scotland
region have also been combined with the results of Stacey (1968) north of

the Faeroes in a free air anomaly map of the Iceland to Scotland region
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(Bott and Watts, 1970c). A Bouguer anomaly map of the continental shelf
and slope north of Scotland has been plotted on a National Grid projection
at a scale of approximately 1:445,000 (Fig. 4~1). This enabled a direct
comparison with the IGS (1968) aeromagnetic survey and land gravity maps
of the Shetlands (McQuillin and Brooks, 1967) and the Orkneys (McQuillin,
1968). The gravity maps have been contoured at 10 mgal. intervals which

is outside the estimated overall accuracy of the surveys (Section 2~2-5).

2~3., Magnetic surveys and their reduction.

2~3=1, Introduction.

Variations in the Earth?s total magnetic field were recorded on the
1967 and 1968 cruises of RRS John Murray. The marine magnetic data
have been supplemented by single traverses of the continental shelf north
of Scotland by HMS Hecla in 1965 and MV Moray Firth in 1969, Aeromagnetic
surveys of the Faeroces to Scotland region have been completed north of
60°N on ESE-WNW trending tracks approximately 10 km apart (Avery et al.,
1968). The continental shelf south of 60°N has been completed by
aeromagnetic survey on closely spaced tracks (IGS, 1968, Sheets 12, 13, 15
and 16). The marine magnetic data has been used in interpretation of
individual gravity and seismic reflection profiles and to map a small area
of the continental shelf break in slope north of Scotland not covered by

previous surveys.

2-3-2, Magnetic anomaly reduction,

Variations in the total magnetic field were recorded as analogue
traces on a Varian chart recorder. The first part of the reduction was to
convert the analogue traces to punched cards containing information
on time, position and total magnetic field. The chart records were

manually digitised on to punched paper tape using a D-Mac Pencil Follower.
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The paper tape was then inputted to the Paper Tape Reader, on-line to the
I.B.M. 1130, and converted to punched cards using a computer programme
written by A. Dobinson (personal communication). Each card contained two
sets of time identification and total magnetic field in gamma. The punched
cards were then read into a programme written for the I.B.M. 1130 with the
appropriate number of punched cards from MGRED (Appendix A-l1) containing
information on time and position. Each time identification and total
magnetic field in gamma card was converted into a punched card with

time identification, position in National Grid co-ordinates and total
magnetic field in gamma by linear interpolation between positions. The
observed marine magnetic data was then ready for further processing.

Observations of the geomagnetic field show it is subject to variations
with time. A significant part of the time component is the diurnal
variation which at the Lerwick Observatory, Shetland can vary by 20 to 40
gamma (IGS, personal communication). Another time component is the secular
variation which at the Observatory increases by about 36 gamma each year.
The geomagnetic field also varies in intensity and direction with latitude
and longitude. It is important to make these corrections before variations
of the Earth®s magnetic field can be interpreted as caused by underlying
geological structures,

A particular problem in the reduction of magnetic data is the choice
of an expression to account for the main geomagnetic field. Two methods
are currently in use (Bullard, 1967):

1. An estimate is made from the results of an individual survey.
2. The value is determined from a World Wide Reference Field based
on world wide observations of the geomagnetic field.
The first method has been used in closely spaced local magnetic surveys
(IGS, 1968). The second method is most applicable to widely spaced surveys

(Avery et al,, 1970). An advantage is that adjacent and future magnetic
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data can be easily combined.

The background field used in the magnetic anomaly reduction is the
International Geomagnetic Reference Field (IGRF) which expresses the
main field as a spherical harmonic expansion up to the 8th order (Anonymous,
1969). The computer programme, obtained from the Department of Geodesy
and Geophysics, Cambridge University, incorporated coefficient data agreed
on at the 1968 IGRF meeting in Washington. It is possible to compute the
required spherical harmonic coefficients and secular variation for epochs
from 1955 to 1972. At 60°N and 04°W the IGRF increases northwards about
2¢2 gamma/km and eastwards about -O+2 gamma/km. These gradients are
similar to those used in the reduction of the IGS (1968) aeromagnetic
survey.

To determine magnetic anomalies from the observed total magnetic field
the output cards from MGRED (Appendix A-1) were inputted into the IGRF
programme. Values of the IGRF for the Faeroes to Scotland region were
obtained on punched cards at ten minute intervals. The cards were then
combined with an appropriate number of total magnetic field cards in a
programme written for the I.B.M. 1130 to compute residual magnetic
anomalies by linear interpolation. The resulting anomalies have therefore
been corrected for secular variation and variation of the geomagnetic field
with latitude and longitude. The remaining correction is for diurnal
variation. Diurnal variation data was obtained from the Lerwick Observatory,
Shetland and applied to two profiles used in interpretation at the shelf

break in slope west of the Shetlands.

2-3-3. Errors of observation.

The observed total magnetic field may be in error due to the magnetic
effect of the ship at the towed sensor head (Bullard and Mason, 1961;
Barrett, 1967). The effect varies with distance of the sensor head from

the ship, the field in which the ship is travelling and the ship®s
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magnetic heading. The magnetic effect of a ship 40 meters long at a sensor
head 80 meters astern is less than 10 gamma for magnetic headings of

80° or 270° (Bullard and Mason, 1961). For a distance astern of 200 meters
and similar headings, the magnetic effect may be as small as 2-3 gamma
(Barrett, 1967). The comparable distance towed astern and the size of the
ship suggests a similar magnetic effect of the RRS John Murray at the sensor
head. For large distances towed astern a correction should be made for

the position of the sensor head relative to the observed ship's position.

The reduced magnetic anomalies may be in error due to the corrections
applied to the observed total magnetic field. Secular variation corrections
have been computed by the IGRF computer programme. The computed secular
variation for the epochs 1966 to 1969 agree to within X 1 gamma with
observed differences of yearly means of the geomagnetic field at Lerwick
Observatory, Shetland. Diurnal variation corrections are determined
as a variation from the first observed total magnetic field of the
magnetogram. The corrections have been applied to magnetic data 90 km
from the Observatory. It is probable this is an acceptable correlation
although errors would occur if distances from the Observatory exceeded
100 km. There may also be an increase in the amplitude of the correction
at the shelf break in slope (Hill and Mason, 1962).

Magnetic anomalies, uncorrected for diurnal variation, have been
mapped in sufficient detail at the shelf break in slope for 10 track
intersections to be computed. The mean value obtained by linear
interpolation between observations not exceeding O*8 km was 243 gamma.

The instrumental error on the
Varian direct reading proton magnetometer is given by the manufacturer as
2 1 gamma. It is most likely therefore that the main source of error is

due to diurnal variation and to position errors.



-23-

2-3-4. Results.

Magnetic anomalies deduced from the IGREF have been obtained for all
traverses of cruise "legs" 3-6 and "legs" 8-10. Magnetic anomaly profiles
have been plotted to enable direct comparison with gravity and seismic
reflection profiles. A magnetic anomaly map contoured at 100 gamma interval
has been prepared of the shelf break in slope west of the Shetlands. The
map has been combined with the IGS (1968, Sheets 15, 16) aeromagnetic
map of the continental shelf north of Scotland (Fig. 4-2). No corrections

have been made for the height above sea-~level of the IGS (1968) survey.

2-4. Seismic reflection profiles.

2-4-1. Equipment characteristics.

An E.G. and G. seismic reflection profiling system was used on "legs"
8-10 to obtain 15 profiles in the Faeroes to Scotland region. A "sparker"
sound source was generated by discharging electrical energy from electrodes
mounted on a sledge towed astern of the ship. The discharge produces a
"bubble-pulse" in sea-water with a frequency depending on the energy of the
condenser banks, the electrode configuration and the depth of the electrode
below the sea-surface. Greater sub-bottom penetration is generally
obtained from low frequency sources and greater resolution of reflectors
from higher frequencies (Hoskins, 1965). The "bubble-pulse" frequency
depends inversely on the third root of the stored energy so that
increasing the size of the condenser bank will lower the emission frequency
and increase penetration. During "legs" 8-10 14,000 joules were available
but 1,000 joules were sufficient to define the sub-bottom reflectors
of shallow shelves (40-300 meters) before they were obscured by sea-bottom
and sub-bottom reflector multiples. For traverses across deeper water
slopes (300-500 meters) the energy was increased to 2,000 joules and the

penetration increased to about O+4 seconds two-way travel time. The later



arrival of the first sea~bottom multiple did not obscure the seismic record
of the slopes,

The "sparker" sound source was triggered by an E.G. and G. Type 254
Seismic Recorder. The receiving sy;tem consisted of a 16 element
hydrophone array with 8 pre=amplifiers connected as a long eel and streamed
astern of the ship. Output from the pre-amplifiers was filtered at the
recorder to remove unwanted noise. A bandpass of 80-200 Hz provided the
most satisfactory signal to noise level during the survey. The filtered
seismic signals were recorded on electro~-chemical sensitive recorder
paper. A strip of paper passed between a rotating fine-wire helix and a
confronting electrically grounded stainless steel blade. The blade acted
as a current carrying electrode causing a variation in darkness on the
sensitive paper depending on the signal current flow. The common contact
point between blade and rotating helix repeatedly sweeps across the
recorder paper. The sweep rate is synchronous with the firing rate and
was set to scan the recorder paper at about 30 cm/sec. A firing interval
of 1 second was selected so that the "sparker" shot instant was recorded
at the chart leading edge followed by 1 second of seismic record to the
far edge. By using a chart drive speed of 2+4 cm/minute a continuous

seismic reflection profile was obtained.

2-4-2. Results.

The problems of presentation and analysis of continuous seismic
reflection profiles have been discussed by Stride et al. (1969). Only
one of the recorded profiles was stored on magnetic tape so that processing
of the seismic profiles could only be made from the analogue records.
Seismic reflection profiles are usually presented either as line drawings
of selected reflectors or as photographs of the original record. Although

the first method is subjective, long profiles can be easily displayed.
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The second method is useful for the display of unconformities, attitude
of sediments and the nature of the seismic basement over short distances.

An attempt has been made to automate the method of line drawing
reflectors. The purpose of the processing is to convert the analogue record
into digital form so that the records could be plotted on any scale to
assist comparison with gravity and magnetic data, allow an estimate of the
apparent sedimentary dip for assumed ranges of sedimentary velocities and
to provide a method of storing analogue seismic reflection data. The
method outlined is similar to the early stage in the reduction of magnetic
data (Section 2-3-2),

1, Selected reflectors were converted to punched paper tape using
the D-Mac Pencil Follower.

2. The paper tape was inputted to the I.B.M. 1130 and converted to cards
with two sets of horizontal time and two-way travel time to
individual reflectors in seconds on each card.

3. The punched cards were then read into a programme written for the
I.B.M. 1130 with the appropriate number of punched cards from

MGRED (Appendix A). Each digitised point along a reflector was

assigned a position by linear interpolation. The output was plotted
on the on~line X~Y plotter by computing the distance between each
point along a reflector for a specified horizontal distance scale.
To obtain quantitative results from continuous seismic reflection
profiles various corrections need to be considered. A significant source
of error in the computation of apparent sediment dips along a profile
is caused by the wide range of possible sediment velocities. The error
in the calculated depth to a reflector, required to compute its apparent
dip, is approximately proportional to the error in the assumed velocity.
For shallow water sediments, the velocity ranges between 17 km/sec
and 2+3 km/sec (Morgan, 1969), the depth to a reflector observed on the

shelf could be in error by up to 15%. Corrections also need to be applied
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for the wave paths from source through water and sub~bottom sediments to
receiver (Curry et al., 1965). It is unlikely, however, that these
corrections constitute a significant source of error compared to that
caused by the wide range of possible velocities. The depth to a sub-bottom
reflector was estimated from the profiles by subtracting the one~way
travel time to the sea bottom from the one-way time to the reflector and
multiplying it by an assumed range of sediment velocities. It is likely
that the resulting depth is an underestimate of the true value for a
particular velocity. If a range of possible apparent dips has been
obtained it is not possible to compare them with true geological dips
unless it is known the profiles traverse the strike of the sediments
approximately at right angles.

The continuous seismic reflection profiles are presented either
as line drawings or as photographic reproductions. For both presentations
an estimate of the vertical exaggeration has been made for velocities
applicable to shallow water sediments. The exaggeration probably increases
for buried sediments and the relief of sub-bottom, high velocity, seismic

basement,
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CHAPTER 3

DESCRIPTION AND INTERPRETATION OF GEOPHYSICAL DATA FROM
THE FAEROBES TO SCOTLAND REGION

3-1. Introduction.

There had been little geophysical investigation of the crustal
structure of the sea area between the Faeroe Islands, the Shetlands and
northern Scotland before the 1967 and 1968 cruises of RRS John Murray.

This chapter is a description and general interpretation of gravity,
magnetic and seismic reflection profiles obtained in the Faeroes to Scotland
region., The observed gravity and magnetic field in the region is briefly
described. The Faeroe=Shetland Channel is associated with a Bouguer

anomaly "high®" which is interpreted as caused by crustal thinning towards
the Channel from beneath adjacent shelves. Evidence relating to the shallow
structure of the Faeroes shelf and the Channel is then discussed. The
shallow structure of the continental shelf and slope north of Scotland

is referred to Chapter 4.

3-2, Description of the gravity anomaly field.

O ——

There is a general correlation between changes in the free air
gravity anomaly and bathymetry across the Faeroe~Shetland Channel (Fig. 3-1),
The free air anomalies are negative for water depths exceeding 1+2 km
reaching a minimum of ~42 mgal north of the Shetlands. The shelf areas
around the Faeroe Islands and north of Scotland are generally associated
with positive free air anomalies (Fig. 3-1).

The large amplitude free air anomaly "high" which occurs NW of the
Faeroe Islands adjacent to the Iceland-Faeroes Rise (Stacey, 1968) extends
to the northern part of the Faeroes shelf adjacent to the Norwegian Basin.

The Bouguer anomalies observed on the Faeroe Islands range from +22 to +39



*S)OpP SUTJ pue ISIBOD SEB SWOUIBF UT
uT pajedTpur Arjauwiyreg *(896T) Laoeys I93Je SpuUBTSI d013ed 3yl Jo MN
®leg °UOTIa1 pueriodS o3 S301ded 3y} Jo dew Arewoue L3TAeid ITe 3314 °T-¢ *31q







-28=

mgal (Saxov and Abrahamsen, 1964) reaching a maximum on the east coast.

The free air anomaly decreases SE of the Islands to a minimum of +5 mgal
(Region K, Fig. 3=1). A maximum free air anomaly of +71 mgal is associated
with a bathymetric rise extending SSE from Suduroy across the south part

of the Paeroes shelf,

The Paeroe Bank Channel is associated with negative free air anomalies
(Bott and Stacey, 1967). A maximum observed free air anomaly of 453
mgal has been recorded across the Faeroe Bank. A single gravity traverse
across Bill Bailey's Bank shows a maximum free air anomaly of +55 mgal.
The free air anomalies observed on the Faeroe Bank and Hebridean-Shetland
shelf (Fig. 1-1) decrease to a maximum of 39 mgal on the NW margin of the
Wyville Thompson Rise.

The continental slope north of Scotland is associated with a decrease
in the free air anomaly. The correlation is interrupted north of Lewis,
where the Wyville Thompson Rise meets the Hebridean-Shetland shelf, and
north of the Shetlands, where the continental slope decreases in gradient
to about 1°. The continental shelf break in slope is associated with
positive free air anomalies in the range 50 to 55 mgal west of the
Shetlands. A striking NNE-SSW trending gravity "high" has been outlined
on the shelf west of the Shetlands which reaches a maximum free air
anomaly of +87 mgal. Other NNE-~SSW trends occur on the shelf.

The observed free air gravity anomaly is the cdmbined effect of the
mass deficiency of the water, and sub-bottom density distributionms.

The relationship of free air anomaly to depth of water between the Faeroes
and the Shetlands is shown in Figure 3-~2. Results have been plotted for
about 700 observations and for water depths exceeding 180 meters. The
Bouguer anomaly is also shown which includes a correction for the mass
deficiency of the water assuming the density of the topography to be

283 g/cms. If the change in observed free air anomaly was caused only by
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the gravity effect of the topography it would be expected that the scatter
of points would generally follow lines of equal Bouguer anomaly. The
observed distribution is probably due partly to the low density of the slope

forming sediments and partly to sub-sediment density distributions,

3-3. Description of the magnetic field,

Magnetic data available in the Faeroes to Scotland region have been
combined in a magnetic trend map (Fig. 3-3). A total field aeromagnetic
survey north of 60°N (Avery et al., 1968) contoured at 200 gamma intervals
has been combined with the IGS aeromagnetic survey south of 60°N (1GS, 1968
Sheets 12, 15). The results of the marine surveys of "legs" 8~10, contoured
at 100 gamma, have also been combined. The aeromagnetic pattern associated
with the Faeroe-Shetland Channel confirms the marine magnetic evidence
of NNE-SSW trending magnetic "highs" and "lows" (Fig. 3-4, Profiles CC* and
DD*), The "highs" and "lows" are not observed to extend into the south
part of the Norwegian Basin. A magnetic "high" of about 400 gamma
amplitude and 60 km wavelength is associated with the central part of the
Faeroe-Shetland Channel (Fig. 3-4, Profiles BB* and CC®'). The trend
of the magnetic "highs" associated with the Faeroe-Shetland Channel is
similar to reduced wavelength "highs" occuring on the Faeroes and
Hebridean-Shetland shelves.

The Tertiary basalt lavas of the Faeroe Islands are associated with
a complex short wavelength and high amplitude magnetic pattern. The
Faeroes shelf east of the Islands is associated with a short wavelength
magnetic pattern which increase towards the Faeroe-Shetland Channel
(Region P, Fig. 3=3). SW of Region P is a broad magnetic "low" (Region S,
Fig., 3-3) which is coincident with gravity "low" K (Region K, Fig. 3-1) and
an increase in water depth on the Faeroes shelf. Located within the

magnetic "low" is a NNE-SSW trending, short wavelength, magnetic "high"
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which is terminated to the SSW by a complex N=S trending magnetic pattern
extending south from Suduroy across the south part of the Faeroes shelf
(Region Q, Fig. 3=3). Short wavelength magnetic patterns have been observed
on traverses of the Wyville Thompson Rise during "leg" 3 and by Avery (1963).
The N-S magnetic trend also make up a complex magnetic pattern associated
with the Faeroe Bank (Avery et al.,, 1968; A. Dobinson, personal communication)
and occur as isolated anomalies on the Hebridean-Shetland shelf (IGS, 1968
Sheet 12; Region T, Fig. 3-=3).

Marine magnetic surveys of the continental shelf break in slope west
of the Shetlands during "legs" 8-10 show that the magnetic "high'" observed
by Avery et al, (1968) and IGS (1968 Sheet 15) NW of the Shetlands extends
SSW across the continental shelf to form magnetic anomaly R (Fig. 3-3).
The magnetic anomaly R is discordant to the NE=SW trending continental
slope.

3-4. Interpretation of the regionaligravity field.

To investigate the sub=bottom crustal structure of the region a two=
dimensional Bouguer correction was subtracted from the observed free air
anomaly to allow for the mass deficiency of the water. Bouguer anomaly
profiles have been plotted for six traverses between the Faeroes and
Scotland (Fig. 3=4). The Faeroe-Shetland Channel is associated with a
Bouguer anomaly "high" which increases towards the NE. The maximum Bouguer
anomaly of +120 mgal is observed on the most northerly traverse where
the Faeroce-Shetland Channel is 16 km deep. The regional Bouguer anomaly
increases NW across the Hebridean-Shetland shelf and SE across the Faeroes
shelf towards the Faeroe-=Shetland Channel (Fig. 3-4).

The observed Bouguer anomaly "high" could be caused by:

1. A thickening of the lower crustal layer or a lateral change in
its density with no change in the relief of the crust/mantle

boundary beneath the Faeroe~Shetland Channel.
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2. A lateral increase in the density of the mantle beneath a crust
of uniform thickness and density.

3. A thin crust.

4. A combination of 1 to 3.
No seismic evidence is available which could distinguish between these
possibilities. If gravity interpretation is relied on a wide range of
physical properties for the crust and mantle will give a wide range of
models for each hypothesis, Each model could fit the observed anomaly
equally well. It is therefore necessary to consider other geological
or geophysical evidence which could indicate a likely hypothesis to test.
Seismic reflection profiles across the slopes bordering the Faeroe-
Shetland Channel show they are made up of thick sequences of seaward dipping
sediments. This is in accord with observations across the continental
rise bordering the East Atlantic (Stride et al,, 1969) and Bastern North
America (Emery et al., 1970). Seismic refraction studies show that the
continental crust thins beneath the continental slope and rise to abut
against oceanic crust (summarized in Worzel, 1968). In continental areas
it is also observed that thick sediments are associated with thinner crust
than adjacent areas (e.g. North Sea Basin, Collette, 1968). It therefore
seems likely that the continental slopes are underlain by thin crust
whether the crust uﬁderlying the Faeroe-Shetland Channel is oceanic or
continental., The amount of crustal thinning beneath continental slopes and
rises generally compares well with the predictions of the Airy-Heiskanen
hypothesis of isostatic compensation of topography (Worzel, 1968).

The formula for Ts, the thickness of crust beneath a sea area,

according to the Airy-Heiskanen hypothesis is given by Heiskanen and

Vening Meinesz (1958) as:



=32-

=]
n

(T=t) x (p_=p,)/(p,=P )

=
n

where normal crustal thickness

ot
n

depth of water

o
|

= density of sea-water

density of crust

L
n

density of mantle

o
n

There have been no seismic refraction experiments in the Faeroes to
Scotland region to determine the required crustal parameters. Approximations
can, however, be made which do not significantly alter the conclusions.

A normal crustal thickness of 27 km was assumed which is in general
agreement to estimates from Eskdalemuir (Agger and Carpenter, 1964) and
Rockall Bank (Whitmarsh, 1970). The mean density of sea~water is given by
Worzel and Shurbet (1955) as 103 g/cm3. An assumed crustal density of
2-83 g/cm3 is in close agreement to the value used to compute the Bouguer
correction (Section 2-2-4) and to values used by Worzel and Shurbet (1955).
An assumed mantle density of 321 g/cm3 is slightly lower than the

327 g/cm3 used by Worzel and Shurbet (1955) and the 3+40 g/cm3 used by
Worzel (1968). The assumed crustal parameters were used to compute values
of Ts for different values of t across the Faeroe~Shetland Channel.

The gravity effect of the computed crust/mantle boundary (the isostatic
correction) was determined assuming a two-~dimensional structure with

GRAVN (Bott, 1969a) and compared with the observed Bouguer anomaly.

For complete isostatic compensation according to the Airy-Heiskanen
hypothesis the isostatic correction should not significantly deviate from
the observed Bouguer anomaly. Profile DD? shows that a large
discrepancy of 40-55 mgal is associated with the Faeroes and Hebridean-—

Shetland shelves and 30-40 mgal with the Faeroe-Shetland Channel. Profiles
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EE*, CC' and BB' (Fig. 3-4) were also examined and the discrepancies
expressed by subtracting the isostatic correction from the observed
Bouguer anomaly and computing the mean resulting isostatic anomaly

(Table 3-1). The results indicate that the region apparently shows

TABLE 3-1

MEAN GRAVITY ANOMALIES ASSOCIATED WITH THE FABROE-SHETLAND CHANNEL

Gravity No. of Mean Standard
Anomaly Observations (mgal) Deviation
Free air 190 +168 170
Bouguer 190 +62+7 168
Isostatic 144 +25°4 110

significant deviations from the predictions of the Airy-Heiskanen
hypothesis. Preliminary satellite gravity measurements between Greenland
and NW Britain show that a broad gravity "high" is located .SW of the
Faeroes to Scotland region. The effect of the "high" would be to increase
the observed Bouguer anomaly (and hence the isostatic anomaly) and give
an erroneous indication of the degree of compensation.

Satellite perturbations can be used to determine the long wavelength
components of the Earth's gravity field (King Hele, 1967). Results,
which have been referred to a spherical harmonic coefficient expression
of the hydrostatic equilibrium figure of the Barth to the 8th degree,
show that the North Atlantic is associated with a gravity "high" of
+19 mgal (Moberly and Khan, 1969). It is generally agreed that the source
of the long wavelength components arise below the lithosphere. Kaula
(1969) indicates there is a close correlation between positive gravity
anomalies such as the North Atlantic and Tertiary/Quaternary volcanic

provinces. The Faeroes to Scotland region is therefore likely to be
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associated with a high background gravity anomaly of about +17 mgal
(Moberly and Khan, 1969). This value may be in error when compared with
the observed free air anomalies because the hydrostatic equilibrium
figure of the Earth deviates from the international ellipsoid.

An interpretation has been made of a Bouguer anomaly profile between
the Faeroes and Scotland (Profile DD*, Fig. 3-5). A regional background
field has been assumed which most completely satisfies magnetic and seismic
reflection profile evidence of the shallow geological structure. To allow
for the satellite perturbation evidence of a gravity "high" for the NE
Atlantic a background field of 20 mgal was subtracted from the observed
Bouguer anomaly. The assumed regional field (Fig. 3=5) reaches a maximum
of +71 mgal for the central part of the Faeroe-Shetland Channel decreasing
by about O+4 mgal/km across the adjacent shelves. Assuming the crustal
thinning hypothesis and a uniform density contrast of =038 g/cm3 between
crust and mantle the crust/mantle boundary was computed using a matrix
inversion programme developed by Tanner (1967) and adapted for use on the
I.B.M, 360/67 by G.J. Laving (personal communication). The top surfaces
of the models were varied until the bottom surface corresponded to the
normal crustal thickness used in the computations for the isostatic
correction. The model is represented as a series of rectangular blocks
which were approximated to a regular surface by connecting the mid=~points
of each block.

The interpreted Bouguer anomaly profile shows that the regional
Bouguer anomaly "high" associated with the Faeroe-Shetland Channel can be
explained if the crust thins beneath the Channel by about 6 km (Fig. 3-5).
The depth to the crust/mantle boundary is determined as 21°l1 km which is in
agreement with the computed value of 21+9 km assuming the Airy~Heiskanen
hypothesis of isotasy and a water depth of 1¢1 km. These results indicate

that by allowing for the satellite gravity "high" the region shows a
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closer approximation to isostasy. The crust/mantle boundary shown in
Figure 3-=5 differs only slightly from isostasy by thickening more gradually
from beneath the channel to adjacent shelves. Although the assumed
regional used to compute the model may be in error it is clear that the
regional increase in the Bouguer anomaly "high" occurs on the landward side
of the continental shelf break in slope. This may indicate that the crust
beneath the Paeroe~Shetland Channel is not locally compensated according

to the Airy-Heiskanen hypothesis but shows a closer approximation to

regional compensation ( Vening Meinesz, 1931).

3-5., The shelf east of tﬁe Faeroe Islands.

Three seismic reflection profiles have been obtained across the shelf
east of the Faeroe Islands which show the onset of seaward dipping sediments
40 km SE of Thorshavn. The onset of the sediments coincides with the change
from short to long wavelength magnetic anomalies at X (Profile DD', Fig. 3=5)
and a decrease in the observed free air anomaly to form gravity "low" X
(Fig. 3~1), The seismic basement dips gently SE (Fig. 3=6) and is
overlain by at least 1 km of seaward dipping sediments.

Gravity interpretations confirm the seismic evidence of a broad
sedimentary trough beneath the shelf SE of the Faeroe Islands. The assumed
regional field (Fig. 3~5), which had been used to deduce an acceptable
crustal model beneath the Faeroe~Shetland Channel, was subtracted from the
observed Bouguer anomaly profile across the Faeroes shelf., The resulting
negative residual gravity anomalies (Region A, Fig. 3-~5) were then
interpreted as caused by low density sediments. The basement configuration
was compute& for varying density contrasts between sediments and basement
using the sedimentary basin programme, NTRAP (Allerton, 1968). For
an assumed regional field the computations indicate a depth to the basement

of 2+7 km for an assumed uniform density contrast of =03 g/cm3 (Fig. 3-5)
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or 18 km for a contrast of ~Oe5 g/cms.

It is most likely that the basement determined from the gravity
interpretations and the seismic reflection profiles is a south-easterly
extension of the basalt lavas in the Faeroe Islands. The SE dip of the
basement may be related to the general structure of the Faeroe Islands.

The lavas have been warped into a weak anticline and the Upper Basalt Series
on the eastern coast dip gently to the SE (Noe-Nygaard, 1962). There

may also be significance in the apparent SE dip of a refractor 3 km beneath
Kollaf jordur (Palmason, 1965). The attitude of the sediments on the

seismic reflection profiles (Fig. 3=6) suggest they are younger than the
underlying basaltic basement which has been dated on the Faeroe Islands

by Tarling and Gale (1968) as 55-60 m.y. There is evidence, therefore,

on the Faeroes shelf SE of the Faeroe Islands of a broad region of seaward
dipping sediments at least 1 km thick, which in part are probably post-
Mesozoic.

North of the sedimentary trough the Faeroes shelf is associated with
short wavelength magnetic "highs" and "lows" which increase in wavelength
towards the Faeroe-Shetland Channel (Region P, Fig. 3-3). The gravity
"high" outlined NW of the Faeroe Islands by Stacey (1968) extends
approximately B-W across the northern part of the Faeroes shelf. The "high"
NW of the Faeroe Islands has been interpreted by Stacey (1968) and Bott
and Watts (1970c). The evidence suggests that at least part of the
gravity "high" is caused by a lateral variation in crustal density beneath
the Iceland-~Faeroes Rise and the Faeroes shelf, with the Faeroes shelf
possessing the lower density crust. The eastward extension of the anomaly
suggests that it is also caused by a major crustal change. It is possible
this is due to a crustal change between the Faeroes shelf and the thin
oceanic crust of the south part of the Norwegian Basin. The gradual decrease

of the gravity "high" eastwards across the Faeroes shelf, and the long
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wavelength magnetic anomalies, suggests that the basement dips gently
towards the Faeroe-Shetland Channel to be obscured by an extension of the
sediments causing the gravity and magnetic "low" SE of the Faeroe Islands.

A N-S trending region of short wavelength magnetic "highs" and "lows"
extends from Sandoy and Suduroy in the Paeroe Islands to the southern slope
of the Paeroes shelf (Region Q, Fig. 3-3). A similar trending magnetic
pattern coincides with the Faeroe Bank and the SE part of the Icelan&-
Faeroes Rise (Avery et al., 1968). Avery (1963) has suggested that the
magnetic pattern on the south Faeroes shelf extends south to the
Wyville Thompson Rise. The cause of the N-S trends has been briefly
discussed by Avery et al. (1968) who attributes them to an extension of
the fissure system deduced in the Faeroe Islands.

The fissure system, which préduced the extensive plateau basalts on
the Faeroe Islands, probably trended NW-SE (Noe-Nygaard, 1962). Bxtrusion
of the basalts was followed by an intrusive period during which several
hundred dykes were emplaced mainly in the northern islands along WSW-ENE
trends. Sill=like bodies have been outlined in West Vagar and Suduroy
which generally trend NW-SE. It is possible therefore that the broad
belts of short wavelength magnetic "highs" and "lows" associated with the
‘Faeroe Bank and the south part of the Faeroes shelf are related to either
the early fissure system or to the later intrusive period. The magnetic
evidence cannot clearly distinguish between these two possibilities.

The N-S trending magnetic pattern south of the Faeroe Islands is
répeated on the continental shelf and slope north of Scotland. An
isolated short wavelength negative magnetic anomaly occurs at the shelf
break in slope north of Lewis (Region T, Fig. 3=3) which may be related
to the NNE-SSW trending negative anomaly extending from Loch Ewe to the
North Minch (IGS, 1968 Sheet 12). Interpretations of this anomaly suggest

it is caused by a reversely magnetised dyke-~like body (Butler, 1968).
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The close proximity to similar trending dykes in Lewis and NW Scotland
suggest it is of Tertiary age. There is a close coincidence south of the
Faeroe Islands between the N-S trending complex magnetic pattern and

a region of high free air gravity anomaly (Figs. 3=1 and 3=3), In NW
Scotland there is a close correlation between regions of high gravity
anomaly and intrusive complexes with their associated dyke swarms
(McQuillin and Tuson, 1963; Richey, 1935). This might tentatively
suggest that the N-S trending complex magnetic pattern south of the Faeroe
Islands is caused by a Tertiary dyke swarm., The Minch dyke could then

be regarded as an isolated dyke between two intrusive complexes.

3~6., The Faeroe-Shetland Channel.

The interpretation of a Bouguer anomaly profile across the Faeroe-
Shetland Channel for an assumed regional field shows that the Bouguer
anomaly "high" could be explained by a crustal thinning of about 6 km
beneath the channel (Fig. 3~5). The model obtained is approximately in
isostatic equilibrium. Preliminary seismic reflection profiles and long
wavelength magneéic anomalies indicate the presence of sediments beneath
the Faeroe=-Shetland Channel. For an assumed regional field of +71 mgal
and a uniform density contrast of -0<3 g/cm3 between sediments and basement
rocks the interpretation of Bouguer anomaly profile DD*®* (Fig. 3=5)
indicates about O+8 km of sediments beneath the Channel, The regional field
associated with the Channel is unknown and it could be significantly higher
than that shown in Figure 3=5., A higher regional field would increase the
amount of crustal thinning and the sediment thickness. For example, a
regional higher by 20 mgal than that indicated in Figure 3-5 would correspond
to a crustal thinning of about 7 km and a sediment thickness of 2+7 km
beneath the Channel.

The observed Bouguer anomaly increases for greater water depths along
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the axis of the Faeroe~Shetland Channel towards the Norwegian Basin. If
there was no change in the underlying crustal structure the Bouguer anomaly
would be expected to remain constant. The observed axial increase could
be due either to an increase in crustal thinning or a decrease in the
sediment thickness. An increase in crustal thinning would be expected
according to the Airy-Heiskanen hypothesis of isostasy to compensate for
the increased water depths. The presence of gravity "low" I NNW of the
Shetlands (Fig. 3=1), reaching a minimum of -42 mgal, suggests that
substantial thicknesses of sediment occur beneath part of the PFaeroe-
Shetland Channel. The NNE-SSW trending magnetic "highs" associated with
the Faeroe-Shetland Channel appear to be caused partly by basement relief
and partly by lateral changes in the magnetic properties of the basement
(B.J. Bidston, personal communication)., It is probable that the long
wavelength magnetic pattern observed NNE of Shetland is due to a large

sedimentary thickness at the NE end of the Faeroe-Shetland Channel.

3-7. Summary.

A broad sedimentary trough has been outlined beneath the outer part
of the Faeroes shelf SE of the Faeroe Islands. It is probable that the
sediments are post-Mesozoic. South of the sedimentary trough a region of
shallow magnetic basement occurs. The associated N-S trending short
wavelength magnetic "highs" and '"lows" have been interpreted as caused by
a Tertiary dyke swarm. The gravity evidence tentatively suggests an
associated intrusive complex, The SE margin of the Faeroes shelf is made
up of a thick sequence of seaward dipping sediments. The seaward dipping
sediments are unconformably overlain by beds of negligible dip (Fig. 3=6).

The Faeroe-Shetland Channel is probably underlain by a crust about
6 km thinner than underlies the Hebridean-Shetland continental shelf.

'According to this model the Channel is approximately in isostatic
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equilibrium, The Faeroe-Shetland Channel is probably underlain by sediments
which in part are an extension of the seaward dipping sediments occuring

on the slopes bordering the Faeroes and Hebridean-Shetland shelves. The
Channel appears to be a sedimentary trough with the thickest sediments
occuring to the NE. Sediment cover is probably thin beneath the Channel

where basement relief significantly contributes to the observed magnetic

"highs".
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CHAPTER 4

GEOLOGICAL INTERPRETATION OF GEOPHYSICAL DATA FROM THE HEBRIDEAN~-
SHETLAND CONTINENTAL SHELF AND SLOPE

4=1, Introduction.

| The sea area around the Orkneys, Shetlands and Outer Hebrides

represents a large area of previously uninvestigated British continental
Part of

shelf and slope. M\the area is of particular geological interest as it

represents the seaward extension of the North Scottish Caledonian fold-belt.

Lewisian basement rocks outcrop in North Rona, 73 km NNE of the Butt of

Lewis, and in the Skerries, 55 km NNE of Cape Wrath, The Shetlands are

made up mainly of metamorphic rocks similar to the Dalradian from the

metamorphic belt of the Caledonian fold=belt in Scotland. Geophysical

investigations elsewhere of the sea areas adjacent to pre-Mesozoic fold~belts

show they are truncated or terminated at or near the present continental

margin., It is of interest to consider the evidence for Caledonian structures

on the shelf north of Scotland and to consider their relation to the

present continental slope.

Geophysical investigations of the continental shelf adjacent to other

X areas of Britain have led to the discovery of deep sedimentary basins
containing substantial thicknesses of post-~Palaeozoic sediments. Deep
sedimentary basins have been outlined from the Irish Sea (Bott, 1965),
the Western Approaches to the English Channel (Hill and King, 1953) and
the North Sea (Hinz, 1968). The present outcrop of Mesozoic sediments in
Scotland is restricted to the coastal areas which may be due to their
deposition in subsiding troughs bordering regions of pre-=Mesozoic rocks
acting as areas of positive relief (Arkell, 1933). The North Minch has been
interpreted as a deep sedimentary basin (Allerton, 1968) and Donovan (1963)

and Flinn (1969) have suggested that the most satisfactory explanation of
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a large negative gravity anomaly centred over the Moray Firth (Collette,
1960) is due to a fault bounded Mesozoic basin.

A geological interpretation of geophysical data from the continental
shelf and slope around the Orkneys, Shetlands and Outer Hebrides, obtained
mainly on the 1967 and 1968 cruises of RRS John Murray, is the subject of
this chapter. The gravity data have been combined to construct a Bouguer
anomaly map of the continental shelf and slope (Fig. 4~1). The magnetic
anomaly map of the shelf and slope (Fig. 4-=2) has been compiled from marine
magnetic data and the IGS (1968 Sheets 12, 13, 15 and 16) aeromagnetic
survey. A geological interpretation is attempted on the basis of gravity
and magnetic results, seismic reflection profiles and the geology of
adjacent land areas. The interpretations could be tested by seismic

reflection or refraction experiments and detailed bottom sampling.

4-2. Gravity "high" A,

The most striking feature of the Bouguer gravity anomaly map (Fig. 4~1)
is the NNB-SSW trending gravity "high" A. The "high" is associated with
steep marginal gradients of up to 9 mgal/km on the seaward side and 3 mgal/km
on the landward side. The maximum Bouguer anomaly of 94 mgal is observed
35 km WNW of Foula, Shetland at HT592521., Seismic reflection profiles
show that the basement is at shallow depths west of the main gravity "high"
(Fig. 4~3). When traced eastwards the strongly reflecting seismic basement
outcrops 6n the sea floor where it is associated with the highest gravity
anomalies, There is an excellent correlation at the NW margin of gravity
"high" A between the disappearance of the seismic basement observed on the
reflection profiles and an abrupt decrease in the Bouguer anomaly (Fig. 4-4).
The seismic basement associated with gravity "high" A occurs at shallow
depth as far north as Profile 5 (Fig. 4-4), 50 km north of Yell, Shetland

at HP313471.
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Marine magnetic profiles across gravity "high" A show it is associated

-43~

with short wavelength anomalies reaching a peak amplitude of +4540 gamma

at HT596518 (Fig. 4-5).

Similar amplitude magnetic anomalies are

unknown from magnetic surveys of basement rocks in the Shetlands, the

Outer Hebrides or NW Scotland.

A study of the Bouguer anomaly map shows that a gentle increase in the

regional gravity field occurs approximately NW across the continental

shelf and slope (Fig. 4-1).

This is probably due at least in part to

crustal thinning beneath the Faeroe-Shetland Channel (Section 3-4). The

density used in the computation of the Bouguer correction is 283 g/cm

3

which is the estimated mean density of basement rocks in the Faeroes

to Scotland region.

It would therefore be expected that the observed

gravity anomaly on Lewisian basement rocks should approach the regional

gravity field.

The gravity field observed on Lewisian basement rocks north

of Scotland are tabulated (Table 4-~1) in relation to the distance from the

shelf break in slope.

TABLE 4-1

Table 4-1 shows that an increase in the observed

RELATIONSHIP OF THE MEAN OBSERVED BOUGUER ANOMALY OVER LEWISIAN ROCKS TO
DISTANCE FROM THE SHELF BREAK IN SLOPE NORTH OF SCOTLAND

Locality Lewisian Bouguer Distance Reference
Type anomaly from
(mgal) shelf edge
(km)
Scourie Pyroxene +34 140 Storry (1969)
granulite
Laxford Grey gneiss +25 140 Storry (1969)
Sule Skerry Hornblende +47 100 McQuillin (1968)
gneiss
Lewis Grey gneiss +50 70 R. McQuillin
(personal
communication)
North Rona Amphibolite +60 40 R. McQuillin
(personal

communication)
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Fig. 4-5. Marine magnetic anomaly profiles across gravity "high" A
(Fig. 4-1). Bouguer anomaly in mgal and bathymetry in meters.
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Bouguer anomaly occurs on Lewisian basement rocks as the continental shelf
break in slope is approached. The northern end of gravity "high" A is only
15 km from the shelf break in slope where it is estimated the regional field
is of the order of 60-70 mgal, The southern end is 50 km from the shelf
break in slope where it is estimated the regional field is 50-60 mgal.

This leaves a positive residual gravity anomaly of 20-30 mgal for "high" A.
The "high" could be explained in part by crustal thinning or by an
exceptionally large volume of igneous rocks but the most satisfactory
explanation is in terms of a belt of higher than average depsity metamorphic
rocks (Bott and Watts, 1970a). If the NNE-SSW trend of gravity "high" A

is extended SSW it continues into the Lewisian outcrop in NW Scotland where
it is observed that Lewisian basement rocks are generally more dense than
their metamorphic or sedimentary cover (Tuson, 1959; Storry, 1969).

The geophysical observations confirm the interpretation of Flinn (1969)
that a NNE-SSW trending belt of high density rocks of variable magnetic
properties, similar to the Lewisian of NW Scotland, occurs on the shelf
north of Scotland. The average density of 54 samples of Lewisian grey
gneiss and pyroxene granulite from the Skerricha district and the area
between Loch Inver and Scourie has been determined as 276 g/cm3 and
284 g/cm3 respectively (Storry, 1969). Additional density measurements
have been obtained from the Old Red Sandstone of the Walls Peninsula,
Shetland and the East Mainland Succession of metamorphic rocks (McQuillin
and Brooks, 1967). These values have been used to interpret a NW-SE
Bouguer anomaly profile (Profile XX*X", Fig. 4-1) across the shelf west
of the Shetlands (Fig. 4~6). For the assumed regional field and density
distribution shown Figure 4-6 shows that gravity "high" A could be explained
by Lewisian basement rocks similar in properties to the pyroxene granulites

of the Scourie assemblage in NW Scotland. The deep structure of the Scourie
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Fig. 4-6. Interpretation of Bouguer anomaly profile XX'X" (Fig. 4-1)

across gravity "high"™ A,

density distribution shown (see page 44).

The model has been deduced for an
assumed regional, an assumed 2-dimensional structure and the
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assemblage in NW Scotland is unknown so the regional field assumed could

be significantly different from that shown in Figure 4-6. If basement rocks
of the Scourie assemblage causing gravity "high" A extend to great depths

in the crust it would be expected that the regional field would be higher
than that shown, A further problem in the interpretation is that the
distribution of "Type 2" Lewisian (Fig. 4~6) with similar properties to the
Laxford assemblage in NW Scotland cannot be uniquely determined in relation
to "Type 1" Lewisian. The model determined (Fig. 4-6) is intended as a
working hypothesis which could be tested by seismic refraction experiments

and bottom sampling.

4-3. Gravity "low" E.

Gravity "iow" E is a large amplitude NNE-SSW trending anomaly located
west of gravity "high" A and adjacent to it. Seismic reflection profiles
across the southern end of the gravity "low" show an unconformity between
seaward dipping sediments above and south-easterly dipping sediments
below (Fig. 4=7). The seaward dipping sediments thicken towards the
continental slope (Fig. 4-8). The south=easterly dipping sediments appear
at HS886171 (Profile A, Fig. 4-9) where they coincide with the main
gravity "low". The south-~easterly dips occur as far east as Profile C
(Fig. 4-9) at HYO50883, at the SE margin of gravity "low" E. Since the
seismic reflection profiles indicate that basement rocks outcrop on the
sea floor SE of Profile C (Fig. 4-9) at HY059867, the south-easterly
sediment dips are probably cut off by a normal fault bounding the NW margin
of gravity "high" A, The NW margin of gravity "low" E is associated with
an increase in the observed Bouguer and magnetic anomaly near Profile A
(Fig. 4-9) suggesting a rise in the basement to form a buried ridge near

the shelf break in slope. The seismic reflection profiles suggest that
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gravity "low" E is caused by a narrow NNE-SSW trending sedimentary basin
bounded on its SE margin by a normal fault. The bulk of sediments causing
the gravity "low" appear to dip south-easterly. Assuming a minimum likely
sediment velocity of 2+5 km/sec and that the shallow south-easterly dips
extend at depth the seismic reflection profiles across the SW end of
gravity "low" E indicate at least 37 km of sediments. If the profiles
are perpendicular to the strike of the sediments a velocity of 25 km/sec
indicates a "true" sediment dip of 8o to the SE.

Gravity interpretations of "low" E confirm the seismic evidence of a
normal fault bounding the SE margin of the sedimentary basin and suggest
that a density contrast of at least -0°+4 g/cm3 is required to satisfy the
steep marginal gradient (Bott and Watts, 1970a). A preliminary interpretation
of gravity "low" E was obtained using the sedimentary basin programme NTRAP
(Allerton, 1968). The sub-sediment basement configuration was obtained
at each observation point for an assumed constant regional field of 91
mgal and for uniform density contrasts of -0+4 g/cm3 and -0+5 g/cm3 between
sediments and basement rocks (Bott and Watts, 1970a). The basement
configuration obtained was rather irregular although the residuals
(observed ~ calculated anomaly) were small over the basin. A maximum
residual of +5¢6 mgal was obtained at the steep marginal gradient. A more
satisfactory basement configuration was determined from the sedimentary
basin programme TRAPPIT (G.J. Laving, personal communication) based on a
matrix inversion technique described by Tanner (1967). The solution
is by least squares allowing more observation points than body co-ordinates.
For an assumed constant regional field of +96 mgal the sub-sediment
basement configuration was computed by TRAPPIT for uniform density
contrasts of ~0Oe4 g/cm3 to =046 g/cm3 (Fig. 4-10). TRAPPIT incorporates

a '"smoothing technique" (G.J. Laving, personal communication) enabling a
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smooth basement configuration to be obtained. The residuals for a uniform
density contrast of =0e<4 g/cm3 are within the range X 2 mgal, although
residuals of up to =5¢1 mgal occur at the steep marginal gradient (Model 1,
Fig. 4-10). The residuals obtained for Models 1 to 3 (Fig. 4-10) are
within the estimated overall error of the gravity surveys (Section 2~2-5).
The choice of the assumed regional field is critical to the estimation of
depths of the sedimentary basin. The deep structure of the dense basement
rocks causing gravity "high" A is unknown so that the regional field cannot
be accurately estimated at the steep marginal gradient. Due to the lack
of other evidence a constant regional field about 3 mgal above the peak
Bouguer anomaly of gravity "high" A was chosen. Because the dense
basement rocks causing gravity "high" A outcrop on the sea floor it is
unlikely that the regional field is higher than that shown (Fig. 4-10).
The depth estimates for the uniform density contrasts specified in

Models 1 to 3 (Fig. 4~10) are, therefore, maximum likely values.

An important unconformity has been recognised on the continental slope
west of Britain (Stride et al., 196%9). The "main" unconformity has been
interpreted as representing a hiatus between the deposition of Upper
Cretaceous and Lower Tertiary sediments which on land was accompanied by
widespread uplift and normal faulting. It seems most likely that the
shelf north of Scotland is covered by a thin veneer of Quaternary sediments
and that the observed shelf unconformity (Figs. 4-7, 4-8 and 4-9) is a
result of a later erosional phase than the "main" unconformity., If
Mesozoic-Tertiary sediments form the continental slope west of the Shetlands
(Section 4-~7) it is possible the "main" unconformity is present north of
Scotland but is obscured from the seismic reflection profiles by thick
slope forming Quaternary sediments. The evidence suggests that the south-

easterly dipping sediments occuring below the shelf unconformity and causing
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gravity "low" E are at least pre-Quaternary and may be pre-Tertiary.

Gravity interpretations of the steep marginal gradient to "low" E
and "high" A suggest that a uniform density contrast of at least -0°4 g/cm3
is required. A possible pre~Tertiary age for the sediments and the high
density contrasts suggest that Mesozoic sediments form at least part of
the sedimentary infill causing gravity "low" E. If the basement rocks causing
gravity "high" A are as dense as the pyroxene granulites from the Scourie
assemblage in NW Scotland (Storry, 1969), density measurements from the
Orkneys (McQuillin, 1968) suggest a likely contrast of -0°17 g/cm3 between
normal density Old Red Sandstone and high density Lewisian. It is therefore
unlikely that Palaeozoic rocks could provide a sufficiently large density
contrast with the basement although they may be present beneath a thick
Mesozoic-Tertiary succession.

Mesozoic sediments outcrop in Bast Sutherland and west of the Moine
Thrust belt, where they reach a maximum thickness of 1 km in Skye and
Raasay (Hallam, 1965). In Skye, Lower Lias limestones unconformably
overlie Torridonian and Cambrian sediments., Lias limestones also
outcrop in the Shiant Islands where they probably owe their preservation to
normal faulting with Lewisian gneiss of the Outer Hebrides to the west
(Hallam, 1965). Arkell (1933) suggested that the Scottish Highlands
were a positive area during the Mesozoic complementary with areas of
subsidence in the Moray Firth and the North Minch. Petrographic studies
of the Middle Jurassic Great Bstuarine Series show them to be derived
mainly from igneous and metamorphic rocks of the Scottish mainland to the
east (Hudson, 1964). The Mesozoic sediments in East Sutherland are bounded
by a normal fault which moved contemporaneous with sedimentation in the
Upper Jurassic (Bailey and Weir, 1932). The interpretation that the

steep marginal gravity gradient to "low" E and "high" A is caused in part
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by the density contrast between Mesozoic-Tertiary sediments downfaulted
against Lewisian basement rocks is therefore consistent with the known
structural history of Scotland during the Mesozoic.

The suggested }ine of normal faulting between gravity "low" E and 'high"
A is closely followed, in part, by a steep submarine scarp. The scarp is
associated with an abrupt change in the observed Bouguer anomaly separating
the strongly reflecting irregular basement rock outcrops associated with
“high" A from the flat sea floor of the sediments causing "low" E
(Fig. 4-11)., Adjacent bathymetric profiles show that the scarp bounds
a narrow depression of the shelf coincident with the main gravity "low" E.
This suggests that the sedimentary basin causing "low" E is bounded by a
normal fault which has moved recently enough to disrupt the thin veneer of

sediments (Quaternary ?) overlying the shelf,

4-4. Gravity "lows" C, D and H.

A region of relatively low gravity occurs west of the Orkneys and
north of the Scottish mainland (Region H, Fig. 4-1) merging westwards
into the North Minch gravity "low" and north-westwards into the large
amplitude gravity "low" C. The observed Bouguer anomaly increases NW
of gravity "low" C to a maximum of +66 mgal at HX623741 where it is
associated with shallow seismic basement and short wavelength magnetic
anomalies. The gravity "high" trends NNE-SSW and separates "low" C from
the large amplitude "low" D (Fig. 4-1), Seismic reflection profiles across
the NW end of gravity "low" C, west of the Orkneys, show an unconformity on
the shelf separating sediments of negligible dip above from sediments
with an apparent north-westerly dip below (Fig. 4=~12). This is confirmed
on an earlier traverse by Stride et al. (1969) NW across the shelf from
the Pentland Firth. The apparent dip of the sediments increases at

Profile C (Fig. 4-12) to coincide with the main gravity "low". NW
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apparent dips are observed as far west as Profile A (Fig. 4-12) where a
sub-unconformity synclinal structure is observed adjacent to a steep
increase in the Bouguer anomaly. The seismic reflection profiles suggest
that gravity "low" C is caused by an assymetrical sedimentary basin bounded
on its NW margin by a NNE-SSW trending normal fault. Assuming a minimum
likely sediment velocity of 2+5 km/sec and that the observed shallow
structure extends at depth the sedimentary infill is at least about 3 km.
The sedimentary structure of the basin causing gravity "low" D is obscured
by seaward dipping sediments which thicken towards the continental slope.

A Bouguer anomaly profile across gravity "lows" C and D (Profile YY?,
Fig. 4-1) has been interpreted in PFigure 4~13. The models have been
determined for the assumed regional shown and for uniform density contrasts
of =04 g/cm3 and =05 g/cm3 between sediments and basement rocks. Gravity
"low" C can be interpreted as a sedimentary basin 3¢6 km deep for a uniform
density contrast of =0e¢4 g/cm3 (Fig. 4=13) or 4+6 km deep for =0°3 g/cm3.
There is an excellent correlation between short wavelength magnetic
anomalies and the occurrence of shallow or outcropping basement for Models
1 and 2 (Fig. 4-13).

The NW apparent dips observed west of the Orkneys (Fig. 4-12) may
represent a stratigraphic continuation of dips observed from the Old Red
Sandstone in the Orkneys. Upper Stromness Flags (Middle Old Red Sandstone)
dip gently west in West Mainland, Orkney and Hoy Sandstones (Upper Old
Red Sandstone) dip gently NW in Hoy, Orkney (Wilson et al., 1935). NW
apparent dips are observed as far west as Profile A (Fig. 4-12) at
HX673627 and at HX650495 (Stride et al., 1969). On thickness grounds
Stride et al, (1969) suggested that post-Devonian sediments probably
occur in the region now outlined as gravity "low" C. The seismic evidence

cannot satisfactorily indicate the extent of Devonian sediments on the
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shelf. The stratigraphy of the shelf Devonian sediments may have been
complicated by the same normal and reversed fault patterns and simple
folds which affected the Orkneys (Wilson et al., 1935). The succession

has been further complicated by a pre-Upper Old Red Sandstone period

of uplift and erosion preceeding deposition of the Hoy Sandstones and their
associated lavas.

The narrow region of low gravity (Region H, Fig. 4=1) between the
Skerries and the mainland of Scotland is associated with the seaward
extension of the Moine outcrop in North Scotland. A minimum Bouguer
anomaly of +6 mgal occurs at NC646813, 27 km NNE of the Kyle of Tongue.
The region is also associated with long wavelength magnetic anomalies
(Fig. 4-2) suggesting that the seaward extension of the magnetic Moine
(and Lewisian) basement is obscured by younger sediments. A broad
region of sediments north of Scotland, lower in density than the 0Old
Red Sandstone, would account for the observed easterly increase in the
Bouguer anomaly between Hoy, Orkney and the Kyle of Tongue, Sutherland.

The minimum estimate from the seismic reflection profiles of the
thickness of sediments causing gravity "low" C is in close agreement
with the gravity interpretations for an assumed uniform density contrast
of =~0e4 g/cm3 or =03 g/cms. The high density contrasts indicated and
the likelihood of post=-Devonian sediments NW of the Skerries suggest
that Mesozoic-Tertiary sediments form at least part of the sedimentary
infill causing "low" C. It is possible the sediments extend into Region H
(Fig. 4-1) west of the Orkneys and north of Cape Wrath into the North

Minch.,

4-5. Magnetic anomaly R.

Gravity "lows" C and D are separated by a region of high Bouguer

gravity anomaly, shallow seismic basement and short wavelength magnetic
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anomalies (Figs. 4-1, 4=2 and 4-13). The magnetic anomaly pattern forms
a NNB-SSW belt of positive anomalies extending to about 60 km. north

of Cape Wrath (IGS, 1968 Sheet 15; Fig. 4-2). Marine magnetic surveys
show that the positive anomalies extend NNE to intersect the continental
shelf break in slope at HT367691 WNW of the Shetlands. Magnetic anomaly
R (Fig. 4-2) forms a NNE-SSW trending belt of positive anomalies of
amplitude reaching 350 gamma and approximately 225 km in length. Magnetic
anomaly R, west of the Shetlands, is bounded by magnetic and gravity
"lows" and trends parallel to gravity "high" A. The general association
of shallow seismic basement and high gravity with magnetic anomaly R
suggest it is caused at least in part by a rise of magnetic basement
rocks.

Marine magnetic anomaly profiles across anomaly R have been
interpreted assuming it is caused by variation in relief of a uniformly
magnetised basement. Two profiles were selected WNW of the Shetlands
near the shelf break in slope. The profiles were interpreted using
non~-linear optimisation techniques which are numerical iterative methods
minimising a certain function in terms of its variable parameters
(M.Al1~Chalabi, personal communication). The function in this case
is the sums of the squares of the residuals between observed and calculated
magnetic anomalies., The magnetic anomal& was obtained from output of
the magnetic reduction programmes (Section 2-3) and represents the total
magnetic field in gamma with the IGRF subtracted. The two profiles
traverse magnetic anomaly R approximately at right angles and are
located 40 km apart. Assuming the IGRF as the regional background field,
magnetic anomaly R can be explained by a change of 2¢5 km to 4+5 km
in the relief of a magnetic basement with a uniform total magnetisation

of 21 x 10-3 emu/cm3 in a plane perpendicular to the strike of the
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basement rise (Fig. 4~14). The top surface of the basement rise occurs
at a depth of 1¢5 km in Model 1 and 2°+1 km in Model 2 (Fig. 4-14).
There is an excellent correlation between the top surface of the models
and the region of highest observed Bouguer anomaly.

The basement relief of the feature causing magnetic anomaly R could
not be traced on the seismic reflection profiles west of the Shetlands.
The onset of south-easterly dipping sediments at Profile A (Fig. 4-9)
coincides with the eastern gradient of magnetic anomaly R (Station A,
Fig. 4-2). This suggests a structural relationship between the attitude
of the sub-unconformity sediments (Figs. 4-7, 4~8 and 4-9) and the basement
rise. If the top surface of the basement rise is of the order of 2 km
WNW of the Shetlands it is most likely that the south-easterly dipping
sediments causing gravity "low"™ E extend seawards over the rise to make
up part of the slope forming sediments. The basement rise is therefore
overlain by a sedimentary "anticline" at the shelf break in slope
(Fig. 4-17).

The sediments causing gravity "low" E have been interpreted as at
least Mesozoic~Tertiary in age. If the basement causing magnetic anomaly
R underlies the sedimentary infill, a pre-Mesozoic age of the basement
is indicated. It is unlikely that Palaeozoic rocks could be present
because of their absence in the foreland region west of the Caledonian
fold-belt in NW Scotland. The boundary separating the fold-belt from the
shelf foreland region is interpreted as passing east of gravity "high" A
(Section 5-1), If the NNE-SSW trend of magnetic anomaly R is extended
SSW it continues into the Lewisian outcrops in the Outer Hebrides. Some
of the largest structural elements in Lewis trend NNE-SSW (J. Watson,
personal communication).

The Precambrian basement in NW Scotland and the Outer Hebrides is
associated with long wavelength magnetic anomalies of up to 800 gamma

(IGS, 1968 Sheets 12 and 13). The presence of magnetic rocks within the
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basement is also indicated from volume susceptibility measurements by
D.W. Powell (personal communication) of the Scourie and Laxford
assemblages in NW Scotland. The mean susceptibility of 90 samples of
ultrabasic and granulite rocks from the Scourie assemblage is 2 x 163
emu/cm3 which increases by 2 x 10-3 emu/cm3 for each weight percent of
Fe20 + The geological and geophysical evidence is therefore consistent
with the basement rise being of Precambrian age similar in magnetic
properties to the Lewisian basement rocks in NW Scotland.

The interpretations of magnetic anomaly R (Fig. 4-14) cannot
satisfactorily distinguish the type of the magnetic basement in relation
to the known assemblages of Precambrian rocks in NW Scotland. The
basement rise is located west of gravity "high" A and it is of interest
to know if there is any evidence that the basement causing magnetic
anomaly R is similar in properties to the dense basemené, of variable
magnetic properties, causing gravity "high" A, The magnetic anomaly R
can be compared to the short ﬁavelength, high amplitude, anomalies
associated with gravity "high" A (Fig. 4-5) if the depth of burial of the
rise can be allowed for, The magnetic anomaly profiles associated with
"high" A were continued upwards using a computer programme written for
the I.B.M. 360/67 the estimated depth of burial, If the basement rise
is made up of rocks similar in properties to the basement associated
with "high" A there should be no significant difference in the magnetic
anomaly pattern compared to anomaly R. West of the Shetlands, gravity
interpretations indicate a maximum likely depth to the basement rise of
2+3 km (Model 1, Fig. 4-10). If the corresponding magnetic anomaly
profile across "high" A is upward continued 2+5 km an anomaly of
approximately 18 km wavelength and 450 gamma is obtained which is of smaller
wavelength and larger amplitude than that observed. This qualitatively

indicates that the strongly magnetic rocks associated with 3 traverses

of gravity "high" A (Fig. 4~5) are probably not present in the basement rise.
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4=6, Gravity "low" F,

A broad N=S trending region of low Bouguer gravity anomaly occurs
on the continental shelf between the Orkneys and the Shetlands (Region F,
Fige. 4~1) reaching a minimum of =23 mgal at HU201094. The gravity "low"
is associated with the south part of the Walls Peninsula, Shetland and
extends to SW of Fair Isle. Gravity "low" F is characterised by steep
marginal gradients (Fig. 4~1).

The geology of the Shetlands west of the Walls Boundary Fault has been
discussed by Finlay (1930) and Flinn et al. (1968)., In the north of
the Walls Peninsula gneisses are unconformably overlain by Walls and
Sandness sandstones which increase in thickness to the south., The sediments
have been folded into a WSW-ENE trending synform (Finlay, 1930). They
contain abundant ashes and lavas and are intruded in the south by the
Sandsting granite. The sediments are dark coloured and compact and do
not resemble Old Red Sandstone sediments in Melby or east of the Walls
Boundary Fault. The Sandsting granite is a biotite-rich granite which
has been dated by Miller and Flinn (1966) as 330 m.y. The granites are
associated with basic assemblages varying in composition from quartz
diorites to gabbros. Peach and Horne (1884) suggested the quartz
diorites were basic modifications of the granite. The field relations of
the Ronas Hill, Vementry and Sandsting granites suggested to Finlay (1930)
they formed an extensive sheet complex. To explain the relationship of
acid and basic rocks Finlay (1930) proposed that the granites formed
by differentiation after emplacement rather than secondary intrusion.

Gravity surveys in NW Northmaven, Shetland show that the Bouguer
anomaly increases eastwards across a line separating the Old Red Sandstone
volcanic rocks of Esha Ness from an extension of the Ronas Hill granite
complex to the west (McQuillin and Brooks, 1967). The main gravity

gradients, however, have been outlined at sea between gravity "high" A
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and Esha Ness (Fig. 4~1). The observed Bouguer anomaly in Foula suggested
that a steep decrease in gravity occurred towards the Walls Peninsula
(McQuillin and Brooks, 1967). This is confirmed by the marine surveys which
show that the Foula to Walls Peninsula steep gradients are part of a

larger decrease of about 3 mgal/km from gravity "high" A to "low" F

(Fig. 4-1).

The Bouguer anomaly in the Walls Peninsula decreases southwards to a
minimum of +7 mgal at the coast where it is associated with the Sandsting
granite (McQuillin and Brooks, 1967). The decrease in gravity and an
extension of a positive magnetic anomaly (IGS, 1968 Sheet 16), associated
with the basic part of the Sandsting granite complex, beyond the coast
suggested to McQuillin and Brooks (1967) that the granite complex underlies
the sea area south of the Peninsula. This suggestion is tentatively
supported by a single seismic reflection profile 11 km south of the Walls
Peninsula., The onset of a strongly reflecting crystalline basement
occurs at HU229133 extending to HU332344, west of South Mainland, Shetland.
The association of the strongly reflecting basement with low gravity
anomalies also suggest an extension of the Sandsting granite complex
south of the Walls Peninsula.

Speculations can now be made on the cause of the steep gravity
gradients observed between gravity "high" A and "low" F, and between "high"
A and Bsha Ness (Fig. 4~1). The Bouguer anomaly decreases by 45 mgal
between "high" A and Foula. The Old Red Sandstone in Foula is in faulted
contact with granite intruded metamorphic rocks. PFoula is associated with
short wavelength positive magnetic anomalies (IGS, 1968 Sheet 16)
suggesting that the Old Red Sandstone cover is thin, It is most unlikely,
therefore, that Old Red Sandstone sediments are present between gravity
"high” A and Foula to contribute to the observed gradients. The decrease

in gravity could be due to a gradual SE dip of the dense rocks causing



—57=

"high" A beneath their overlying metamorphic cover. The cause of the
steep gradients between Foula and gravity "low" F is more difficult to
explain from the geology of the Walls Peninsula, The surface geology
suggest the decrease is caused by a density contrast between metamorphic
rocks in Foula and the Old Red Sandstone assemblage in the Walls Peninsula.
The 01d Red Sandstone assemblage in the Walls Peninsula is associated with
low Bouguer anomalies and gravity “1low" F (Fig. 4-1) appears to be bounded
by an extension of the proposed St. Magnus Bay Fault in the west (Flinn
et al., 1968) and the Walls Boundary Fault in the east. The rocks which
nmake up the Old Red Sandstone assemblage west of the Walls Boundary Fault,
however, are not significantly lower in density than the metamorphic rocks
in Poula. It is unlikely that the Esha Ness volcanics, the compact Walls
and Sandness sandstones or the granite complexes (if the field relations
of Finlay (1930) are accepted) could significantly contribute to the
required density contrasts. There is therefore the possibility that the
Old Red Sandstone assemblage of North Roe, North Mainland, Walls Peninsula
and its southerly extension to gravity "low" F is underlain at no great
depth by a large granite mass (M,H.P, Bott, personal communication)., The
decrease of about 110 mgal in the Bouguer anomaly between "high" A and
"low" B could then be due partly to:
1. A gradual SE dip of the dense basement rocks, causing gravity
"high" A, which have been interpreted as of Lewisian type.
2. A contrast of Old Red Sandstone (and younger ?) sediments with
the metamorphic basement,
3. A granite mass of unknown extent beneath the Walls Peninsula
and gravity "low" F which contrasts at depth with metamorphic
rocks and possibly high density basement.
It is not possible on the evidence available to isolate the 3 contributions
although it would be suggested that the first contribution is particularly

significant between gravity "high" A and Foula, and "high" A and Esha Ness.
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4-7, Continental slope anomalies.

The continental slope north of Scotland between 200 and 800 meters
is associated with a number of circular gravity "lows" (Fig. 4-1). NW
of the Shetlands the Bouguer gravity anomaly decreases from +55 mgal at
the shelf break in slope to +45 mgal at 350 meters of water. This indicates
a gravity "low" of about 20~30 mgal amplitude associated with the slope
because the Bouguer anomaly is expected to increase from the shelf break
in slope to the Faeroe-Shetland Channel (Section 3-4). Substantial
thicknesses of sediments occur on the continental slopes west of Britain
(Stride et al., 1969)., It is most likely that the gravity and magnetic
anomaly "lows" ;bserved on the continental slope NW of the Shetlands are
caused by a thickening of sediments seawards from the shelf break in
slope.

The Bouguer anomaly profile ZZ*® (Fig. 4-1) across the continental
slope WNW of the Shetlands has been interpreted assuming the gravity "low"
to be caused by low density sediments. For an assumed north-westerly
increase in the regional gravity field of O+7 mgal/km and for uniform
density contrasts of =~0e3 g/cm3 and -0°4 g/cm3, depths to the basement of
3¢2 km and 2+5 km have been obtained from the sedimentary basin programme
TRAfPIT (G.J. Laving, personal communication). There is an excellent
correlation between the margins of the sedimentary trough and an increase
in the observed magnetic anomaly (Fig. 4e=15). A minimum magnetic anomaly
of -235 gamma is observed at the centre of the interpreted models (Fig.
4-15). The increase in magnetic anomaly at the SE end of the profile,
near the shelf break in slope, is associated with magnetic anomaly R
(Fig. 4-2). Magnetic anomaly R has been interpreted as caused by a
Precambrian basement rise so it is possible the basement rocks extend

beneath the continental slope to underlie between 2 and 4 km thickness of

sediments. The models also suggest a rise in the basement beneath the
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Faeroe-Shetland .Channel where it is associated with the central magnetic
"high" (Fig. 3-3).

Seismic reflection profiles across the continental shelf and slope
west of the Shetlands suggest that the thin Quaternary sediments on fhe
shelf thicken towards the slope (Figs., 4~7 and 4-8). Stride et al. (1969)
suggest that the Quaternary sediments are thickest at the foot of the
slope and that Tertiary sediments are normally Oe<5 to O<8 km thick on the
slope. This estimate is of the order of thickness of post=basalt lava
‘'sediments observed SE of the Faeroe Islands (Section 3~5). Thick
Tertiary/Quaternary sediments probably occur beneath the Porcupine Seabight
(Stride et al., 1969), the Western Approaches to the English Channel
(Hill and King, 1953) and the North Sea (Hinz, 1968). The interpreted
depths to the basement (Models 1 and 2, Fig. 4-~15) are greater than the
normal thickness of Tertiary/Quaternary sediments from the continental
slope west of Britain, This tentatively suggests that pre-Tertiary
sediments occur WNW of the Shetlands unless local subsidence has caused

an unusual thickness of Tertiary/Quaternary sediments.

4-8, Deep structure of the Hebridean-Shetland shelf.

A summary map of the interpretations of geophysical data from the
continental shelf and slope north of Scotland is shown in Figure 4-16.
The areas of the shelf where crystalline basement rocks outcrop on the
sea floor or occur at shallow depths (less than about 300 meters) have been
estimated from the seismic reflection and bathymetric profiles. A large
area of the shelf where basement rocks outcrop or occur at shallow depth
extends from NW of the Orkneys to north of the Shetlands (Fig. 4-16).
The West Orkney-North Shetland ridge (Fig. 4-16) is associated for part of
its extent with gravity "high" A (Fig. 4-1). The age of the basement rocks

outcropping on the shelf can only be established by detailed bottom sampling.
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Crystalline basement outcrops on the sea floor extend from the metamorphic
rocks in Foula and the north part of Walls Peninsula, It is probable

that the basement rock outcrop south of the Walls Peninsula indicates an
extension of the Sandsting granite. The basement rock outcrops adjacent
to Basin C (Fig. 4-16) probably refer to Lewisian gneiss which outcrop

in the Skerries and North Rona.

The areas of major sedimentary thickness on the shelf and slope have
been estimated from the regions of gravity "low". Gravity "lows" C, D and
E have been interpreted as caused by deep sedimentary basins. The
interpreted models (Figs. 4-10 and 4-13) have been used to estimate the
central part of the sedimentary basins. The apparent dip directions
observed from the seismic reflection profiles refer to sedimentary dips
below the shelf unconformity. The gentle seaward dips of the sediments
above the unconformity (Quaternary ?), on the outer part of the shelf,
have been omitted. The sediments on the shelf (Quaternary ?) thicken
towards the continental slope which is shown by mapping the trave; time to
the sub-crop of the shelf unconformity. The O°*3 second two-way travel
time to the sub-crop of the shelf unconformity shows that the presumed
Quaternary sediments, above the unconformity, generally thicken seawards
parallel to the strike of the present continental shelf break in slope
(Fig. 4-16). This explains why the south-easterly dips below the shelf
unconformity associated with gravity "low" E have only been observed at
the SSW end of the "low", -The northern end of the sedimentary basin
causing the gravity "low" is obscured by slope forming sediments. This
demonstrates that the older structures on the shelf associated with the
deep sedimentary basins are truncated by recent slope forming sediments.

The close association of gravity and magnetic "highs" on regions of

the shelf where crystalline basement rocks do not outcrop on the sea floor
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suggest the presence of buried basement ridges. The interpretation of
magnetic anomaly R west of the West Orkney-North Shetland ridge and

Basin E suggests it is caused by a rise in the magnetic basement to

underlie approximately 1+5 to 2+5 km of sediments (Section 4-5), Additional
basement NNE~SSW trending ridges probably occur on the outer part of

the shelf. Seismic reflection profiles are required to establish their

structure and relationship to the overlying sediments.

4-9, ‘Faults.

The geophysical evidence suggest that large normal faults bound
the deep sedimentary basins on the continental shelf north of Scotland.
The steep normal fault associated with gravity "high" A and "low" E
occurs at the NW margin of the West Orkney-North Shetland ridge (Fig.
4-16). The close association of the disappearance of the seismic
basement and an abrupt decrease in the Bouguer anomaly (Fig. 4-4)
suggests the faulting extends for most of the NW margin of 'the ridge
(Fig. 4-16). The gravity interpretations of "lows" C and D suggest the
basins are bounded by normal faults (Fig. 4-13). The line of faulting
between Basins C and D may extend NNE to the margins of the basement rise
causing magnetic anomaly R. The faults trend NNE-SSW and do not appear
to extend between sedimentary basins, Normal faults which decrease in
throw along their length are referred to as hinge-faults (Sherbon
Hills, 1963). The faulting probably accompanied sedimentation so that the
largest downthrows occur adjacent to the largest sediment thickness.

Two large transcurrent faults have been proposed to cross the shelf
and slope north of Scotland. Dearnley (1962) suggested that the Scourie
assemblages in the Outer Hebrides and NW Scotland were displaced by a

sinistral transcurrent fault along the NW margin of the North Minch.
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Avery et al. (1968) extended the fault NE across the shelf. The North
Minch is associated with a gravity "low" with steep marginal gradients
(Allerton, 1968), The gravity interpretations suggest that the North Minch
is bounded by a normal fault downthrowing SB. The NNE-SSW trend of the
fault would be on the same line as the fault deduced from the seismic
reflection profiles at the NW margin of Basin C (Fig. 4-12) and also
downthrowing SE. The evidence suggests that the proposed Minch Fault
is associated with normal faulting although it cannot determine whether
there has been any pre-Mesozoic transcurrent movement.

The extension of the sinistral transcurrent movement of the Great
Glen Fault (Kennedy, 1946; Holgate, 1969) beyond the Moray Firth to the
Walls Boundary Fault on the Shetlands and north to the continental slope
has been proposed (Flinn, 1961). The Walls Boundary Fault in the
Shetlands is a major dislocation separating contrasting types of Old
Red Sandstone and metamorphic rocks. It is not possible to correlate
between rocks on either side of the Fault (Flinn, 1961). The Fault
occupies a shear and shatter zone. At Seli Voe, south of the Walls
Peningula, the Fault zone can be traced towards a submarine scarp west
of Sunburgh Head (Flinn, 1961 and 1964). Steeply dipping Old Red
Sandstone sediments (Appelby, 1961) on the west coast of Fair Isle provide
evidence of a large fault to the west. The Walls Boundary Fault cuts
the Walls and Sandness sandstones and the Sandsting granite. Age
dating of the granite (Miller and Flinn, 1966) suggests that the Fault
is younger than 330 m.y.

Gravity evidence north of the Shetlands (Fig. 4-1) show there is
no displacement of "high" A, which has been interpreted as caused by
Lewisian rocks, on the northern line proposed by Flinn (1961). This
suggests that the extension of the Great Glen Fault either passes north

of the Shetlands retaining the same strike north of the Walls Boundary
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Fault as it had to the south (Flinn, 1970) or the Walls Boundary Fault
is a splay of the main fault (Pitcher, 1969) which probably passes east
of the Shetlands (Collette, 1960; Bott and Watts, 1970a). The second
possibility avoids the need for two major changes in course not expected
from a transcurrent fault unless it has been affected by later faulting

or deformation (Bott and Watts, 1970b).

4-10. Discussion,

Geophysical investigations on the continental shelf and slope north
of Scotland provide evidence on the structure and stratigraphy of the
region, It is probable that large areas of Precambrian basement rocks
outcrop on the shelf or occur at shallow depth. Gravity "high" A and
magnetic anomaly R have been interpreted as caused by basement rocks
similar in properties to the Lewisian in NW Scotland and the Outer
Hebrides. The Precambrian shelf foreland region has been modified by post-
Caledonian basin formation and normal faulting. Of particular geological
interest is the cause of the NNE-SSW trends within the shelf foreland
region and the history and cause of the post-Caledonian basin formation.
The deep sedimentary basins on the outer part of the shelf appear -
to be bounded by NNE-SSW trending normal faults which probably acted
as hinge faults during sedimentation. The faults are probably related
to NNE-SSW trends in the underlying basement which west of gravity "high"
A and north of the Skerries (Fig. 4-1) is interpreted as Precambrian in age.
NNE-SSW trends in Precambrian basement rocks appear to be unrelated to the
WNW-BSE trending distribution of the Scourie and Laxford assemblages in
the Lewisian of NW Scotland. The evidence suggests that the WNW-ESE
trending magnetic anomaly "high' associated with the Scourie assemblage
in NW Scotland between Point of Stoer and the Ben Stack Line (IGS, 1968

Sheet 13) is terminated by the eastern margin of the North Minch sedimentary
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basin. NNE-SSW structural trends are associated with the metamorphic belt
of the Caledonian fold~belt in North Scotland (Dunning and Stubblefield,
1966). This suggests that the NNE-SSW trends in Precambrian basement rocks
are probably more related to the late Caledonian movements, which affected
the metamorphic belt, than to infra-basement structural directions. It is
not clear, from the evidence available, how extensively the late

Caledonian movements affected the marginal Precambrian basement to the
west, The stable Precambrian basement rocks could have responded to the
late Caledonian movements by fracturing on NNB-SSW directions. The
location of the deepest sedimentary basins from Basin B, Basin C to the
North Minch (Fig. 4-16) are closely associated with the proposed easterly
extent of Precambrian basement rocks on the shelf (Section 5-1). It is
suggested that post-Caledonian basin formation was most significant in
regions where the underlying Precambrian basement was most closely involved
in the late Caledonian movements of the fold-belt.

The geophysical evidence north of Scotland can be used to outline a
tentative post-Caledonian development of the shelf and slope which is
consistent with adjacent land areas and the conclusions of Stride et al.
(1969) from seismic reflection profiles west of Britain.

1, Mesozoic sedimentation in narrow, fault bounded basins on the
outer shelf and perhaps on the slope (Section 4-7), The basement
rise causing magnetic anomaly R probably formed by marginal
subsidence of adjacent sedimentary troughs. The basement rise may
have acted as a source area to the sediments infilling Basin E and
the slope basins. The initiation of basin subsidence was probably
pre~Lias as indicated by the Lower Lias limestones in the Shiant
Islands and NW Scotland. The sedimentary basins were closely
controlled by contemporaneous faulting along NNE-SSW trends in

the basement,
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2. Post~Upper Cretaceous, pre-Tertiary uplift of the shelf,
accompanied by erosion and normal faulting in NW Scotland. The
resulting hiatus is the "main" unconformity identified by Stride
et al. (1969, Profiles 2 to 7) but has not been recognised
with the seismic reflection system available north of Scotland,

It is probable that a considerable amount of the south-easterly
dipping sediments infilling Basin E were removed during this
erosion phase.

3., Tertiary sedimentation following the extrusion of basalt lavas
in the Faeroe Islands. The Tertiary was probably the main
period of slope building adjacent to the Faeroe-Shetland Channel.
Sedimentation probably continued in the shelf basins.

4, Post-Tertiary, pre~Quaternary uplift (?) and erosion producing the
shelf unconformity observed north of Scotland (Figs. 4-=7, 4-8
and 4-12), This is in agreement with the interpretation of
Stride et al. (1969) of the shallow unconformity observed NW
of the Pentland Firth,

5. Quaternary sedimentation on the shelf and slope and the development
of the present shelf morphology. The cause of the deep inner part
of the shelf (Fig. 4=~11) is probably related to the large normal
fault bounding the SE margin of "low" E. There is no evidence of

disturbed bedding or slumping at the base of the continental slope.

The post-Caledonian stratigraphy of the shelf and slope is summarised
in a schematic structure section west of the Shetlands (Fig. 4-17).
The basement configuration has been obtained from the gravity
interpretation (Model 1, Fig. 4-10) of Bouguer anomaly profile XX'*
(Fig. 4~1). The south-~easterly apparent dips observed below the shelf

unconformity at the SSW end of Basin E are shown with seaward dipping
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Fig. 4~17. Schematic representation of the structure and stratigraphy

of the continental shelf and slope west of the Shetlands. Numbers refer

to post-Caledonian history outlined on pages 64 and 65, Basement
configuration after Model 1 (Fig. 4-10), Vertical scale is twice horizontal.

sediments (Quaternary ?) thickening towards the slope (Figs. 4-7, 4-8
and 4-9). The structure section is intended as a working hypothesis
which is consistent with the geophysical evidence at present available
west of the Shetlands. The model could be tested by improved seismic

reflection and refraction profiling and by bottom sampling.
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CHAPTER 5

GEOLOGICAL INTERPRETATION OF THE FAEROES TO SCOTLAND REGION AND
ITS REGIONAL IMPLICATIONS

5-1, Seaward extension of the North Scottish Caledonian fold-belt,

Wager and Hamilton (1964) have shown that the metamorphic basement
west of the East Greenland Caledonian fold-belt (Haller and Kulp, 1962)
is of comparable age to the Lewisian basement west of the Moine Thrust
belt in NW Scotland. The path of the fold~belt beyond the coastlines of
North Scotland and Bast Greenland has been estimated by Wager and
Hamilton (1964) assuming the Bullard et al., (1965) distribution of pre~
Atlantic Ocean basin continents. The proposed path extends across a
large area of continental shelf and slope adjacent to East Greenland
and North Scotland which had not previously been investigated. The
geological interpretation of geophysical data from the continental shelf
and slope north of Scotland can be used to test, in part, the Wager and
Hamilton (1964) hypothesis.

The individual tectonic units which make up a fold=belt can be
extended seawards providing they are of diagnostic physical properties,
Lewisian basement rocks in NW Scotland are distinguished from its
metamorphic cover by high gravity and variable magnetic anomaly patterns.
Gravity surveys in NW Sutherland (Storry, 1969) show that the Scourie
assemblage south of the Ben Stack Line and north of Achiltibuie is
associated with a gravity anomaly of about +35 mgal., This decreases
to the NNE across the Ben Stack Line and ESE towards the Moine Thrust
belt. The Scourie assemblage is associated with a broad WNW-ESE
trending positive magnetic anomaly reaching a peak value of +450 gamma

near Scourie (IGS, 1968 Sheet 13). Bouguer anomalies between +60 and +70



~68=

mgal occur on the east coast of the Outer Hebrides in association with
grey gneiss and pyroxene granulite (R, McQuillin, personal communication),
The physical distinction of the Lewisian from its overlying metamorphic
cover is not, however, as clear as it might be. The Torridonian cover

of the Lewisian is in part substantial and areas of the Lewisian south

of Achiltibuie cannot be distinguished from the Moines on the basis of
magnetic anomaly pattern. Density measurements from the Lewisian suggest
that a small contrast should occur between the Laxford assemblage and
normal metamorphic rocks of Moine or Dalradian type (Tuson, 1959;

Storry, 1969).

Gravity "high" A (Fig. 4=1) has been interpreted as caused by dense
basement rocks of Lewisian type, similar in properties to the Scourie
assemblage of NW Scotland (Fig., 4~6). Density measurements in NW
Scotland show that a contrast of at least +0-<15 g/cm3 is indicated between
the Scourie assemblage and normal density metamorphic rocks (Storry, 1969).
The decrease in gravity from the Lewisian of the shelf foreland region to
the proposed extension of metamorphic rocks of the fold-belt is probably
less than expected because the Lewisian basement dips gently ESE beneath
the metamorphic rocks. This is indicated in NW Scotland by the extension
of the magnetic anomaly pattern associated with the Scourie and Laxford
assemblages ESE of the Moine Thrust for up to 15 km (IGS, 1968 Sheet 13)
and the involvement of basement in tectonic events within the fold-belt
(Watson, 1967). The easterly limit of gravity "high" A north of Scotland
can then be used, with magnetic and echo-sounder evidence, to predict
the easterly extent of high density basement rocks on the shelf (Fig. 5-1).
North of the Shetlands and NW of the Orkneys where gravity "high" A is
reduced in amplitude the extent of the dense basement rocks cannot be
predicted with the same confidence. A further complication occurs NW

of the Shetlands., It is not clear to what extent the proposed mass
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deficiency beneath the Shetlands (Section 4=~6) and the dense basement
rocks causing "high" A contribute to the steep gravity gradients NW

of Bsha Ness, Shetland., Miller and Flinn (1966) have suggested that the
gneisses of Northmaven may be related to the basement of the Caledonian
fold=belt. The gneisses also appear to be associated with an extension
of the complex magnetic anomaly pattern of gravity "high" A, If this

is so, a slightly different course of the Lewisian would be indicated

NW of the Shetlands. The shelf foreland region extends west of the
proposed easterly limit of Lewisian basement (Fig. 5~1). In this region,
Lewisian basement either outcrops on the sea floor (or above sea=level)
or is obscured by younger sediments. The depth to the basement increases
towards the continental slope where NNE-SSW trending basement ridges

are buried by 1+5 = 2¢5 km of sediments (Fig. 4~14). The proposed
extension of the North Scotland Caledonian fold-belt (Fig. 5-1) is
therefore in general agreement with the hypothesis of Wager and

Hamilton (1964). It is clear that the continental shelf and the upper
part of the slope north of Scotland is associated with an extension

of the main structural units of the Caledonian fold-belt in northern
Scotland.

The observation that the seaward extension of the Caledonian fold-
belt is obscured at the continental slope by a thick sequence of recent
sediments is in agreement with the seaward extension of fold=belts
elsewhere (e.g. Canadian Appalachians, Fenwick et al,, 1968). The
evidence north of Scotland cannot be used, however, to determine whether
the fold=~belt is truncated at the continental slope or continues
beyond it to underlie the Faeroe-Shetland Channel, It is clear that
the pre-Mesozoic rocks of the fold-belt terminate in an area between

the continental shelf break in slope west of the Shetlands and the
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oceanic magnetic lineations of the south part of the Norwegian Basin.
Seismic investigations of the continental margin east of Plorida

show that the continental shelf break in slope is underlain by a buried

crystalline basement ridge (Sheridan et al., 1966)., Further observations

suggest that a basement ridge underlies at least part of the shelf break

in slope SE of Nova Scotia (Berger et al,, 1965). The ridges separate

a sedimentary trough on the outer part of the shelf from a trough

underlying the continental rise, The trend of the ridges on the eastern

seaboard of North America suggest they are related to the adjacent

Appalachian fold-belt. Other examples of buried ridges at the shelf

break in slope have been described by Burk (1967)., West of the Shetlands

a NNE-SSW trending basement ridge related to the Precambrian of the

shelf foreland region occurs near the shelf break in slope. The basement

ridge separates a sedimentary trough beneath the continental slope

(Fig. 4=15) from Basin E (Fig. 4~10), It is most likely that the ridge

west of the Shetlands has been produced by post-Palaeozoic subsidence

of adjacent sedimentary troughs in accord with the probable origin of

the basement rise separating Basins C and D (Fig. 4~16),

5-2, Implications on the origin of the Faeroe Islands and the Faeroe=-
Shetland Channel.

The Tertiary basalt lavas of the Faeroe Islands outcrop on the NE
part of the Faeroe Rise which includes Rockall Plateau to the SW
(Fig. 1-1), Recent seismic refraction experiments (Whitmarsh, 1970;
Scrutton et al., 1970) estimate a crustal thickness of about 30 km
beneath Rockall Bank. The thickness of crust confirms earlier suggestions
(Bullard et al., 1965; Vine, 1966; Moorbath and Welke, 1969) that the
Rockall Plateau is continental., A steep increase in the observed Bouguer

anomaly NW of the Faeroe Islands has been outlined by Stacey (1968).
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This has been interpreted as caused by a transition from "Iceland type"
crust on the Iceland-Paeroes Rise to lower density "continental type"
crust beneath the Faeroe Islands (Bott and Watts, 1970c). Gravity
considerations between the Faeroes and Scotland suggest that the Faeroe-
Shetland Channel is approximately in isostatic equilibrium and that the
crust is probably as thick beneath the Faeroe Islands as it is beneath
the Hebridean-Shetland continental shelf (Fig. 3=5). This suggests,
therefore, that the entire Faeroe Rise probably represents a continental
fragment.

The basalt lavas on the Faeroes were probably extruded on a continental
basement similar to the structural environment of the Tertiary plateau
basalts in NW Britain. Chemical analysis of the Faeroes lavas suggest
they are more similar to East Iceland and Greenland than to dredged
lavas from the mid-ocean ridge systems (Noe-Nygaard, 1966). The early
extrusives are Quartz tholeiites followed by a mixed lava sequence
and then Olivine tholeiites. Noe-Nygaard (1968) suggests on the basis
of experimental work by Green and Ringwood (1967) that the magma source
of the Quartz tholeiites must have been concentrated at depths shallower
than 15 km, The later extrusives were probably segregated at greater
depths. The required temporary rise of a thermal front during the
extrusion of the Quartz tholeiites followed by its gradual subsidence
suggested to Noe=Nygaard (1968) that the lavas were produced at an old
ridge system. The presence of a thick continental crust beneath the
‘Faeroe Islands would discount this hypothesis. The localised rise in
the thermal front during the early Tertiary could have occurred within
continental crust.

The geophysical and geological evidence suggest two possible
origins for the basement beneath the Faeroe-Shetland Channel. The

basement could be either oceanic crust or subsided continental crust.
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(1) Oceanic crust: the suggestion that the Faeroe~Shetland Channel
is underlain by oceanic crust is an extension of the hypothesis of
Bullard et al. (1965) and Vine (1966) that the Rockall Trough formed
by a lateral displacement of Rockall Plateau from the continental shelf
west of the Outer Hebrides. Oceanic magnetic lineations have been
outlined west of Rockall Plateau which are broadly parallel to the crest
of the Rekyjanes Ridge (Godby et al,, 1968). Anomaly number 24 has been
identified by Avery et al, (1969) near the 2000 meter depth contour
ad jacent to the NW margin of Rockall Plateau which has been dated on the
Heitzler et al., (1968) time scale as 60 m,y. If the displacement of
Rockall Plateau occurred during the early Tertiary the magnetic pattern
would be expected to narrow towards the SE between the Rekyjanes Ridge
and Rockall Plateau (Stacey, 1968)., The evidence available suggests
that this is not observed. Displacement of Rockall Plateau would
therefore have occurred in pre~Tertiary times before sea~floor spreading
at the Rekyjanes Ridge. Rockall Trough is a magnetic "quiet" zone
(Roberts, 1970a). No seismic refraction experiments have reached the
Moho beneath Rockall Trough but at station E10 (BEwing and BEwing, 1959)
about 8 km of sediments are present. If the Rockall Trough is underlain
by oceanic crust the presence of a magnetic "quiet" zone suggests that
either the Trough formed during a period of normal sea-~floor spreading
when there were no mixed magnetic polarities of the geomagnetic field
or the magnetic oceanic crust is obscured by thick sediments. As
Roberts (1970b) has indicated the magnetic field is also “quiet" at
station E12 (Bwing and Ewing, 1959) where only 2 km of sediments are
present., This might tentatively suggest that deep burial of the magnetic
oceanic crust is not a significant factor.

The appeal of the hypothesis that Rockall Trough formed by lateral

displacement of Rockall Plateau suggests a similar origin for the
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Faeroe-Shetland Channel (Roberts, 1970a)., Palaeomagnetic (Abrahamsen,
1967) and magnetic anomaly pattern evidence (Vogt et al., 1970) suggest
that any displacement of the Faeroes shelf from north of Scotland must
have occurred in pre-Tertiary times, like the proposed displacement

of Rockall Plateau. Unlike the Rockall Trough, however, the Faeroe-=
Shetland Channel is not a magnetic "quiet" zone (Avery et al,.,, 1968;
Fig, 3-3). The Channel is associated with NNE-SSW trending magnetic
"highs" and "lows" of up to 400 gamma amplitude,

(2) Subsided continental crust: the suggestion that the Faeroe-
Shetland Channel is underlain by a thin continental crust extends from
the geophysical evidence that the entire Faeroe Rise is probably
continental., According to this hypothesis the basement underlying the
Channel is probably an extension of the Precambrian basement occuring
on the continental shelf north of Scotland.

The geophysical evidence available cannot clearly distinguish
between the two hypotheses. It appears most likely that the Rockall
Trough formed by a pre~Tertiary rotation of Rockall Plateau. This
adequately explains the thin crust beneath the Trough predicted by the
Airy-Heiskanen isostatic hypothesis and the geometrical relation between
the SW margin of Rockall Plateau and the continental margin west of the
Outer Hebrides. Lateral displacement of Rockall Plateau most probably
occurred by the addition of oceanic crust at a Triassic or earlier ridge
crest during a period of uniform polarity of the geomagnetic field
(Bott and Watts, 1970c). The extent of any lateral displacement of the
Faeroes shelf from the shelf north of Scotland cannot be clearly
established. The underlying basement in the Faeroes to Scotland region
has been obscured by Mesozoic~Tertiary sedimentation and Lower Tertiary
extrusion of lava, The similarity of the sedimentary structure of

bordering slopes suggest that the Faeroe~Shetland Channel has been a
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sedimentary trough since at least early Tertiary times. If the magnetic
pattern observed over the central part of the Channel is significantly
caused by relief of a magnetic basement it would suggest that normal
faulting and subsidence have been more important processes in the pre-

Tertiary history of the Channel than lateral displacement.

5-3. Reassembly of Greenland, Scotland and the PFaeroe Rise into a pre-

drift position,

The distribution of pre—~Atlantic Ocean basin continents has been
proposed by Bullard et al. (1965) based on a least squares criterion
of fit between the 900 meter depth contour on adjacent coastlines of the
Atlantic Ocean. The fit of Greenland to EBurope was obtained for a
pole of rotation of 73+0°N and 96+5°B and an angle of rotation of 22°,
The amount of "misfit" of the coastlines was indicated as regions of
overlaps or gaps. Optimisation techniques have been applied to the fit of
Greenland to Europe (M., Al-Chalabi, personal communication). By mapping
the objective function, M. Al~Chaldbi (personal communication) has shown
that a wide range of possible solutions for the pole of rotation can occur,.
For the fit of Greenland to Europe an optimum pole of 60-0°N and 113 O°E
can vary by up to #20° of latitude and £7° of ilongitude and still give
equally good solutions. The fit proposed by Bullard et al., (1965) must
therefore be regarded with caution since the pole of rotation is located
among a wide range of possible solutions. This could result in a
significantly different distribution of overlaps and gaps.

Geological considerations suggest difficulties with the proposed
fit of Bullard et al. (1965). The proposed fit of Greenland to Europe
shows a large overlap between the SE Greenland shelf and the shelf north
of Scotland. The amount of overlap increases if the continental margin
passes NW of the Faeroe Islands (Bott and Watts, 1970c; Section 5-2),

The Bullard et al., (1965) fit only include the Rockall, Hatton and
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George Bligh Banks and no account was made for the intervening sea areas

on Rockall Plateau. The geophysical evidence suggests that the entire

Faeroe Rise is continental and account should be taken of it in continental
reconstructions, In an attempt to improve on the Bullard et al. (1965) fit

a distribution of pre-Atlantic Ocean basin continents has been obtained which
is in agreement with the recent geological and gedphysical evidence

(Fig. 5~2). A satisfactory fit was obtained for a pole of rotation

at 58°N and 117°B (M.H.P. Bott, personal communication). The improved

fit allows for:

1., Continental crust to underlie the Faeroe Rise including the
Rockall Bank, Hatton Bank, George Bligh Bank and Faeroe Bank
in their present positions on the Rise.

2. Continental crust to underlie the Faeroe-Shetland Channel. The
fit is also consistent with oceanic crust underlying the Channel
if the displacement of the Faeroes shelf from the continental
shelf north of Scotland occurred in pre-Tertiary times,

3. The continental margin to pass NW of the Faeroe Islands.

4, Continuity between the proposed seaward extension of the North
Scottish Caledonian fold=belt (Fig. 5~1) and the East Greenland
fold=-belt assuming it to extend across the narrow part of the
Greenland shelf south of Scorsby Sound.

5., A pre-~Tertiary displacement of the Rockall Plateau from the

continental shelf west of the Outer Hebrides,

The interpretation of magnetic anomaly patterns associated with the
North Atlantic Ocean (Heirtzler et al., 1966; Avery et al.,, 1969;
Vogt et al., 1970) éuggest that the Bullard et al. (1965) fit and the
proposed fit (Fig, 5-2) refer to the pre~Tertiary distribution of Greenland
and Europe. The land areas adjacent to the future lines of splitting

are closely associated with rocks of the Caledonian fold=belt and its
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Reassembly of Greenland, the FaerQe Rise and Norway into a pre-drjift
positiog by rotating Greenland 14 about a pole of rotation at 58 N
and 117 E. The Caledonian fold-belt in East Greenland (Berthelsen

and Noe-Nygaard, 1965), Norway and NW Scotland (Rutten, 1969) is
shown by diagonal shading.
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marginal Precambrian basement. The similarity in the time of the final
uplift and plutonism that terminated the Caledonian movements in
Spitsbergen, Bast Greenland, Norway and NW Scotland suggest they formed
part of a continuous stabilised fold-belt (Sutton, 1968). There is a
relation between the location and structural trend of the fold~belt in

Bast Greenland and Norway and the future Tertiary continental displacement.
There is also a good correlation in trend between the eastern North America
continental margin and the Appalachian and West Africa fold-belts,
stabilised in the Carboniferous and Permian, Sutton (1968) suggests that
the location of continental displacement preferentially follows the

paths of stabilised fold=belts first established in the late Precambrian.
The East Greenland and Norway Caledonian fold-=belts were probably displaced
during the Tertiary by the addition of oceanic crust at the Mohns Ridge,
the Iceland Jan-Mayen Ridge and an extinct ridge underlying the Norwegian
Basin (Vogt et al., 1970), The line of the displacement between SW Greenland
and the Faeroe Rise appears to cut across the trend of the foldwbelt into
the marginal Precambrian basement. The displacement most probably occurred
within Precambrian basement rocks between Scorsby Sound and west of

Rockall Plateau by the addition of oceanic crust at the Rekyjanes Ridge

and part of the Iceland Jan-Mayen Ridge, The future development of

Iceland and the Iceland~Faeroes Rise occurred between regions of Precambrian
basement rocks. SW of Rockall Plateau, the displacement followed the

trend of the Appalachian and West Africa fold-belts.

The re~direction of the displacement from the Caledonian fold-belt
into its marginal Precambrian basement between Scorsby Sound and Rockall
Plateau may be significant in establishing the cause of Mesozoic basin
formation in the Faeroes to Scotland region. Deep Mesozoic sedimentary
basins occur within the pre-Mesozoic stabilised fold-belts of East

Greenland, Spitsbergen, north-west Africa and the Atlantic coasts of
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North America and southern Africa., Two origins of the development of
the basins have recently been proposed:

1, The formation of Mesozoic basins is related to fold=belts
stabilised in the Upper Palaeozoic as is evidenced by their general
absence on Precambrian foreland rocks (Sutton, 1968).

2. Basin formation is related to the continental splitting and the
development of the new continental margin (Bott and Watts, 1970c).
The location of deep basins within the fold-belts is therefore due

‘ to their close proximity to deveioping ocean basins.

The isolation of these hypotheses is difficult because of the general
association of Mesozoic basins with the stabilised fold-~belts and the new
ocean basins, In Bast Greenland, for example, N=S trending Mesozoic
basins are underlain by the Caledonian fold-belt adjacent to the western
continental margin of the Greenland sea. The initiation of the subsidence
appears to have been in the Carboniferous but was particularly significant
in the Lower Tertiary (Vischer, 1943) at the time of oceanic crust addition
at the Mohns Ridge crest (Vogt et al., 1970)., The discovery of deep .
Mesozoic-Tertiary sedimentary basins on Precambrian basement rocks north
of Scotland, and perhaps on the Faeroe Rise, may therefore be significanf.
The subsidence causing the deep sheif basins may be more related to
continental splitting and the development of the East Atlantic continental
margin than to the adjacent Caledonian fold-belt. This would be clarified
when the stratigraphy of the sediments infilling the deep basins on the
Precambrian basement rocks north of Scotland and the Faeroe Rise (?)

is more accurately known.



APPENDIX A
MARINE GRAVITY REDUCTION PROGRAMME

The purpose of the marine gravity reduction programme (MGRED) is to
compute free air gravity anomalies at sea from the analogue records of a
sea gravimeter. The programme was written in PL/1 for use on the N.U.M.A.C.
I.B.M. 360/67. The programme incorporates a "smoothing" technique to compute
the EBtvbs correction, described in Section 2-2~3, The input and output
specifications of the programme are followed by a "flow-diagram" and a

"print-out”.,

A-1, Data format specifications.

The data input to MGRED consists of gravity header cards followed by a
set of navigation and gravity cards.

(a) Gravity header cards.

LEG = identification of the cruise "leg".

Gl = gravity at first base station (mgal).

Pl = BEnograph reading (chart divisions, 0-~999),
21 = Enograph pen zero (Left, Centre or Right).
S1 = upper spring value (mgal),

D1 = day number.,

H1 = hour

Tl = minutes.,

The specifications of Gl to Tl are then repeated for the second base station,

SC = upper spring calibration (mgal/turn).

PC = Enograph calibration (mgal/division).

ND = approximate number of navigation cards,.

NC = approximate number of courses.

EXS = heading tolerance specification for course changes (degrees).

RHO = density of topography (g/cma).



LL

CRU

1l for printed results only
2 for printed results and punched card output,.

cruise identification number for punched cards (0-99),

LEG is a character string of maximum length 50, The specifications Gl to

CRU are each preceded by a blank., Zl1 is a character string of length 1,

(b) Trigger card,
Columns 1-~79

Column 80

(c) Navigation cards.

blank

semi~colon

The navigation cards are obtained as punched card output from a

- programme, DETOG, which converts Deccometer readings to geographical co=-

ordinates, Bach card has the following format:

Column 1
Columns 2-~4
Column 5
Columns 6~8
Columns 9-12
Columns 13-~14
Columns 15~16

Columns 17=26

Column 27

Columns 28=37

Column 38

Columns 39-80

(d) Trigger card.

Columns 1-80

blank

DAY

blank

day number

blank

hour

minutes

latitude of station to a thousandth of a
degree. The decimal point is in column 23.
N if latitude in northern hemisphere.
longitude of station to a thousandth of a
degree. The decimal point is in column 34,
E if east of Greenwich,

blank

blank
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(e) Gravity cards,
The gravity cards include the position of the pen on the BnOgrabh

recorder and bathymetry in corrected meters. Bach card has the following

format:
Columns 1-3 :  DAY*
Column 4 ¢ blank
Columns 5-=7 ¢ day number¥*
Columns 8=15 : blank
Columns 16=17 : hour
Columns 18-19 ¢ minutes

Columns 20=23

Enograph reading in chart divisions (0~999)

Column 24

position of pen zero on Enograph*
(Left, Centre or Right)

Columns 25~38

blank

Columns 39-40

upper spring value*

Columns 41-51

blank

Columns 52=55 depth in corrected meters., Unit position in
column 55.*

Columns 56-61

blank

Columns 62=66

ship's log in nautical miles*

Columns 67-~80 blank

The asterisks indicate if the data specifications are optional or, only need
to be included if there has been a change from the previous value, The
DAY (columns 1-3) and upper spring value (columns 39~40) are required for
example, on the first gravity card and on subsequent cards only if they
change.

The punched card output from MGRED is used in gravity display programmes
written for the I,B.M. 1130 and for the reduction of magnetic and seismic

reflection data., The format follows descriptions by Talwani (1966a).
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Columns 1-3 ¢ day number
Columns 4-5 : hour
Columns 6=7 : minutes

Columns 8-14

latitude of station to a thousandth of a degree.
Decimal point in column 11,
Column 15 H blank

Columns 16=22

longitude of station. Negative if west of
Greenwich. Decimal point in column 19,

Columns 23-30 National Grid co=~ordinates to nearest meter.

Northings with unit position in column 30.

Columns 31~38

Bastings with unit position in column 38,

Columns 39-46

accumulating distance to one tenth of a km.

Decimal point in column 45,

Column 4751 : depth of water in corrected meters. Unit
position in column 51,
Column 52 : blank

Columns 53~60 gravity at station to one tenth of a mgal,

Decimal point in column 59,

Columns 61=66

free air anomaly to one tenth of a mgal.
Decimal point in column 65,

Columns 67-72 simple Bouguer anomaly to one tenth of a mgal,

Decimal point in column 71,

Columns 73=74 cruise identification number (0=99).
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A~2, Flow diagram of MGRED,

START
1
READ, base station gravity, calibration
factors and heading tolerance

_ ]
calculate
gravimeter drift
I
READ, and store time, latitude and
longitude of all fixes

PRINT, change
in course at

™~
L3 take pairs of < 1
fixes and compute] , |PRINT, error
course and in fix at
distance

an error
in fix

for each course

L8 ART, main computation

fit regression. line
to all fixes in course
|
bring each observed fix|
perpendicularly onto the
regression line

compute smoothed course, speed and

distance
[
L18 READ, gravity card with time,
Enograph reading, bathymetry

find corresponding fix and
compute EBtvBs and gravity
anomalies
PRINT

NO

NO

store row
of fix
array




























-91=-

REFERENCES

ABRAHAMSEN, N. 1967. Some Palaeomagnetic Investigations in the Faeroe
Islands. Medd. fra Dansk Geol. Forening. Bd 17, Hefte 3, 371-384,

AGGER, H.E, and CARPENTER, E.W, 1964. A Crustal Study in the Vicinity of
the Eskdalemuir Seismological Array Station. Geophys. J. 9, 69=83.

ALLERTON, H,A. 1968, An Interpretation of the Gravity Field of the North
Minch. M.Sc. thesis. University of Durham. 34 pp.

APPELBY, R.M. 1961, Continuation of the Great Glen Fault beyond the
Moray Firth, Nature Lond. 191, 1190,

ANONYMOUS. 1969. International Geomagnetic Reference Field. 1965,0.

J. Geophys. Res. 74,4407-4408,

ARKBLL, W.J. 1933, The Jurassic System in Great Britain, Oxford:
Clarendon. 681 pp.

AVERY, O.E. 1963, Geomagnetic and Bathymetric Profiles Across the
North Atlantic Ocean., U.S. Naval Oceanographic Office Tech. Rept. 161,

AVERY, O.E., BURTON, G.D. and HEIRTZLER, J.R. 1968. An Aeromagnetic
Survey of the Norwegian Sea. J. Geophys. Res. 73, 4583~4600,

AVERY, O,B., VOGT, P.R. and HIGGS, R.H. 1969, Morphology, Magnetic
Anomalies and Evolution of the Northeast Atlantic and Labrador Sea
- Part 2. Magnetic Anomalies., Trans, Am. Geophys., Un. 50, 184,

BAILEY, E.B. and WEIR, J. 1932, Submarine Faulting in Kimmeridgian Times:
East Sutherland. Trans. roy. Soc. Edinb. 47, 431-467.

BARREIT, D.L. 1967. Frequency Modulation of a Shipborne Proton
Magnetometer Signal due to the Hydrodynamic Instability‘of the towed
Vehicle. J. Geophys. Res. 73, 5327=5334.

BERGBER, J., BLANCHARD, J.E., KEEN, M.J., McALLISTER, R.E. and TSONG, C.EF,
1965, Geophysical Observations on Sediments and Basement Structure
Underlying Sable Island, Nova Scotia., Am, Ass. Pet. Geol. Bull.

49, 950-965.



-92~

BERTHELSEN, A. and NOE~-NYGAARD, A. 1965, The Precambrian of Greenland.
In The Precambrian, editor, Rankama, K. Interscience, 113-262,

BOIT, M.H.,P, 1965, The Deep Structure of the Northern Irish Sea -~ A Problem
of Crustal Dynamics. Colston P, 17, 179-204, (Proc. 17th Symposium
of Colston Research Soc., Bristol, 1965).

1969a, Durham Geophysical Computer Programme Specification

No. 1. GRAVN,
1969b, Durham Geophysical Computer Programme Specification

No, 2. MAGN,

BOrT, M.H.P. and STACEY, A.P. 1967. Geophysical Evidence on the Origin
of the Faeroe Bank Channel. 2, A Gravity and Magnetic Profile.
Deep-Sea Res. 14, 7-11.

BOTT, M,H.,P. and WATTS, A.B, 1970a, Deep Sedimentary Basins Proved in the
Shetland-Hebridean Continental Shelf and Margin., Nature Lond. 225,

265-268.

1970b, The Great Glen Fault in the Shetland

Area, Nature Lond. 227, 268=269,

1970c. Deep Structure of the Continental
Margin Adjacent to the British Isles. In Geology of the Bast Atlantic
Continental Margin., Symposium, Cambridge. (in press).
BOWER, D.R. 1966, The Determination of Cross-Coupling Errors in the
Measurement of Gravity at Sea. J. Geophys. Res. 71, 1-7,
BULLARD, E.C., 1967, The Removal of Trend from Magnetic Surveys. Earth
Planet, Sci. Lett. 2, 293~300,
BULLARD, E.C. and JOLLY, H.L. 1936, Gravity Measurements in Great Britain,
Mon, Nat. R. Astr, Soc. Geophys. suppl. 3, 443-477,
BULLARD, E.C, and MASON, R.G. 1961, The Magnetic Field Astern of a Ship.

Deep~Sea Res., 8, 20-27,



=03 =

BULLARD, E.C., EVEREIT, J.E. and SMITH, A.G. 1965. The Fit of the Continents
around the Atlantic. Phil, Trans. roy. Soc. Lond. A, 258, 41-51.

BURK, C.A, 1967, Buried Ridges within Continental Margins. Trans. New York
Sci., 397-409,

BUTLER, P,F., 1968, The Interpretation of Magnetic Field Anomalies over

Dykes by Optimization Procedures. M.Sc. thesis. University of Durham.
55 pp.

CARRUTHERS, J.N., COLE, G.A.J, and SOLLAS, W.J. 1923, Notes on Some Rock
‘Pragments Dredged up between Faeroe Bank and Rockall by the Research
Vessel S.T. "George Bligh", of the Ministry of Agriculture and
Fisheries, during April, 1921. Geol. Mag., 60, 462-467.

COLLEITE, B.J. }960. The Gravity Field of the North Sea, Gravity

Expeditions 1948-58, 5, Part 2. Delft, 52 pp.

1968, On the Subsidence of the North Sea Area, In Geology
of Shelf Seas, editor, Donovan, D.T. Oliver and Boyd, Edinburgh and
London, 15-=30,

COOK, A.H. 1952. Comparison Of the Acceleration due to Gravity at the
National Physical Laboratory, Teddington, the Bureau International
des Poids et Mesures, SEvres, the Physikalisch-Technische Bundesantalt,
Brunswick, and the Geodetic Institute, Potsdam, Proc. roy. Soc. Lond,

A, 408-424.

1953, Adjustment of the Principal Gravity Observations in
Great Britain. Mon., Nat. R. Astr. Soc. Geophys. suppl. 6, 494=534.

CURRY, D., HERSEY, J.,B., MARTINI, E. and WHITTARD, W.F., 1965. The Geology
of the Western Approaches of the EBnglish Channel. II Geological
Interpretation Aided by Boomer and Sparker Records. Phil. Trans. roy.
Soc, Lond. B, 248, 315-351.

DAY, G.A. 1967. Report on the trials of the Askania Sea Gravimeter Type
GSS=2 No, 11 in RRS John Murray, May - July 1967. University of

Cambridge. Unpublished report.



-94-

DEARNLEBY, R. 1962. An Outline of the Lewisian Complex of the Outer Hebrides
in relation to the Scottish Mainland, Quart. J. geol. Soc. Lond.
118, 143-176.

DONOVAN, D.T. 1963. The Geology of British Seas. Univ. Hull Inaugral Lect.l1l-24.

DUNNING, F.W. and STUBBLEFIELD, J. 1966. Tectonic map of Great Britain and
Northern Ireland. 1st edition.

EMERY, K.O., UCHUPI, E., PHILLIPS, J.D., BOWIN, C.O., BUNCE, E.T. and
KNOTT, S.T. 1970. Continental Rise Off Eastern North America. Am. Ass.
Pet. Geol. Bull. 54, 44-108,
EWING, J. and BWING, M. Seismic Refraction Measurements in the Atlantic
Ocean Basins, in the Mediterranean, on the mid-Atlantic Ridge, and in
the Norwegian Sea. Bull, Geol. Soc. Am. 70, 291-318,
FENWICK, D.K.B., XKEBEN, M.J.,, KEEN, C. and LAMBERT, A. 1968, Geophysical
Studies of the Continental Margin North East of Newfoundland.
Can. J. Barth Sci. 5, 483-500.
FINLAY, T.M. 1930, The Old Red Sandstone of Shetland, Part 2, North-
Western Area. Trans. roy. Soc. Edinb. 56, 671-694.
FLINN, D. 1961. Continuation of the Great Glen Fault Beyond the Moray
Firth. Nature Lond. 191, 589-590,
1964. Coastal and Submarine Features Around the Shetlands.
Proc., geol. Soc. Lond. 75, 321-341.
1969. A Geological Interpretation of the Aeromagnetic Maps of
the Continental Shelf around Orkney and Shetland. Geol. J. 6, 279-292.
1970. The Great Glen Fault in the Shetland Area. Nature.
Lond. 227, 268. |
FLINN, D., MILLER, J.A., EVANS, A.L. and PRINGLE, I.R. On the Age of the
Sediments and Contemporaneous Volcanic Rocks of Western Shetland.
Scott, J. Geol. 4, 10-19,
GEOLOGICAL SURVEY OF GREAT BRITAIN. 1957. Geological Map of Great Britain,

Sheet 1, 2nd edition,



=05

GILETTI, B.J., MOORBATH, S, and LAMBERT, R. St. 1961. A Geochronological
Study of the Metamorphic Complexes of the Scottish Highlands,

Quart. J. geol. Soc. Lond., 117, 233=272.

GODBY, E.A., HOOD, P,J. and BOWER, M.E, 1968. Aeromagnetic Profiles Across
the Rekyjanes Ridge Southwest of Iceland. J. Geophys. Res. 73,
7637-7649,

GRAF, A, and SCHULZE, R. 1961. Improvements on the Sea Gravimeter GSS2,
J. Geophys. Res, 66, 1813-1821,

GREEN, D.H., and RINGWOOD, A.,B. 1967. An Bxperimental Investigation of
the Gabbro to Eclogite Transformation and its Petrological Applications,
Geochem. et Cosmochim, Acta 31, 767-833,

HALLAM, A, 1965, Jurassic, Cretaceous and Tertiary Sediments. In
The Geology of Scotland, editor Craig, C.Y. Oliver and Boyd,
Edinburgh, 401-416.

962

HALLER, J. and KULP, J.L.) Absolute Age Determinations in Bast Greenland.
Medd. om Grgnland. Bd. 171, Nr. 1, 77 pp.

HARRISON, J.C. 1960, The Measurement of Gravity at Sea. In Methods and
Techniques in Geophysics, 1, editor Runcorn, S.K. Interscience
Publishers, New York, 211-229,

HAWORTH, R.T. 1967. Notes on the Construction and Use of a Cross~Coupling
Computer. Bedford Institute of Oceanography. Unpublished report,

50 pp.

HEIRTZLER, J.R., LE PICHON, X. and BARON, J.G. 1966. Magnetic Anomalies
Over the Rekyjanes Ridge. Deep-Sea Res., 13, 427~443,

HEIRTZLER, J,R., DICKSON, G.,P,, PITMAN, W.C., HERRON, E. and LE PICHON, X,
1968, Marine Magnetic Anomalies, Geomagnetic Field Reve?sals
and Motions of the Ocean Floor and Continents. J. Geophys. Res.

73, 2119-~2136.



=06=

HEISKANEN, W.A. and VENING MEINESZ, F.A, 1958, The Barth and Its
Gravity Field. New York: McGraw=Hill. 470 pp.

HILL, M.N. and KING, W.B.R. 1953, Seismic Prospecting in the English
Channel and its Geological Interpretation. Quart. J. geol. Soc.
Lond. 109, 1-19,

HILL, M.N. and MASON, C.S. 1962. Diurnal Variation of the Barth's
Magnetic Field at Sea. Nature Lond, 195, 365-366,

HINZ, K. 1968, A Contribution to the Geology of the North Sea according
to Geophysical Investigations by the Geological Survey of the
German Federél Republic, In Geology of Shelf Seas, editor
Donovan, D.,T. Oliver and Boyd, Edinburgh and London, 55-86.

HOLGATE, N. 1969, Palaeozoic and Tertiary Transcurrent Movements on the
Great Glen Fault., Scott, J. Geol, 5, 97=-139,

HOSKINS, H. 1965. A Primer on Reflection and Refraction Records Taken
with the Continuous Seismic Profiler. Woods Hole Oceanographic
Institute, Technical Memorandum 12~-64, 51 pp.

HUDSON, J.D. 1964, The Petrology of the Sandstones of the Great
Bstuarine Series and Jurassic Palaeogeography of Scotland.

Proc. geol. Ass. Lond. 75, 499~527,

INSTITUTE OF GEOLOGICAL SCIENCES. 1968. Aeromagnetic Map of Part 'of Great
Britain and Northern Ireland.

JEHU, T.J. and CRAIG, R.M. 1923, Geology of the Outer Hebrides.

Parts 1-4, Trans., roy. Soc. Edinb. 53, 419-441, 615~641; 54, 46-89;
55, 457=488; 57, 839~874.

KAULA, WM, 1969, A Tectonic Classification of the Main Features of the
Barth®s Gravitational Field. J. Geophys. Res. 74, 4807-4826.

KENNEDY, W.Q. 1946, The Great Glen Fault. Quart. J. geol. Soc. Lond.

102, 41~72.



KING HELE, D. 1967, The Shape of the Barth., Scient. Amer. 217, 67-~76,.

LACOSTE, L,J.B. and HARRISO&, J.C. 1961, Some Theoretical Considerations
in the Measurement of Gravity at Sea. Geophys. J. roy. Ast. Soc.
5, 89-103,

McQUILLIN, R, 1968, Geophysical Surveys in the Orkney Islands.

Geophys. Paper No, 4, H.M.S.0., 18 pp.

McQUILLIN, R. and BROOKS, M, 1967. Geophysical Surveys in the Shetland
Islands. Geophys. Paper No. 2, H.M.S.0., 22 pp.

McQUILLIN, R. and TUSON, J. 1963. Gravity Meas;rements Over the Rhum
Piutonic Complex. Nature Lond, 199, 1276=1277,

MIDFORD, R.L. 1965. A Surface~Vessel Marine Gravity and Magnetic
Reconnaissance Traverse from the Shetland Isles to Land's End.
M.Sc. thesis. University of Durham, 112 pp.

MILLER, J.A. and FLINN, D. 1966. A Survey of the Age Relations of
Shetland Rocks. J. Geol. 5, 95~116,

MILLER, J.A. and MOHR, P.A, 1965, Potassium—~argon Age Determinations on
Rocks from St. Kilda and Rockall, Scott, J. Geol, 1, 93-99,

MOBBRLY, R, and KHAN, M.A, 1969, Interpretation of the Sources of the
Satellite~determined Gravity Field. Nature Lond., 223, 263~267.

MOORBATH, S. and WELKE, H. 1969. Isostopic Bvidence for the Continental
Affinit; of the Rockall Bank, North Atlantic., Earth Planet
Sci. Lett. 5, 211-216,

MORGAN, N.A. 1969. Physical Properties of Marine Sediments as Related
to Seismic Velocities. Geophysics 34, 529-545.

NETTLETON, L.L. 1939. Determination of Density for Reduction of
Gravimeter Observations. Geophysics 4, 176~183,

NISBET, H.C. 1961. The Geology of North Rona, Trans. geol, Soc., Glasg.

24, 169~184.



=08~

NOE-NYGAARD, A. 1962. The Geology of the Faeroes. Quart., J. geol.
Soc. Lond. 118, 375-383,

1966. Chemical Composition of Tholeiitic Basalts from the

Wyville-Thompson Ridge Belt., Nature Lond. 212, 272-273.

1968, On Extrusion Forms in Plateau Basalts. Scientia

Islandica. Anniversary Volume, 10~13,

NOE-NYGAARD, A, and RASMUSSEN, J, 1968, Petrology of a 3,000 Meter
Sequence of Basaltic Lavas in the Faeroe Islands. Lithos. 1,
286-304,

PALMKSON, Gs 1965, Seismic Refraction Measurements of the Basalt Lavas

of the Faeroe Islands. Tectonophysics. 2, 475-482.

PEACH, B.N. and HORNE, J. 1884, The Old Red Sandstone Volcanic Rocks
of Shetland, Trans. roy. Soc. Edinb. 32, 359-388,

PITCHER, W.S, 1969. North-East trending Faults of Scotland and Ireland,
and Chronology of Displacement. In North Atlantic-Geology and
Continental Drift, editor Kay, M, Am., Ass. Pet. Geol, Mem. 12,
Tulsa U.S.A., 724-733.

RICHBY, J.B. 1961, Scotland: The Tertiary Volcanic Diétricts. Third
edition, H.M.S.0. 120 pp.

ROBERTS, D.G. 1970a. Recent Geophysical Studies on the Rockall Plateau

and Adjacent Areas., Proc. geol, Soc. Lond. No. 1662, 87-93,

1970b. On the Origin of the Rockall Plateau and Trough
(in press).

RUITEN, M.G. 1969, The Geology of Western Europe. Elsevier., 520 pp.

SABINE, P.A, 1965. Rockall -~ an Unusual Occurrence of Tertiary Granite.

Proc. geol. Soc. Lond, No. 1621, 51,



-99-

SAXOV, S. and ABRAHAMSEN, N, 1964. A Note on some Gravity and Density
Measurings in the Faroe Islands. Boll, di. Geof, theor, ed, appl.

6, 49-62,

1966, Some Geophysical Investigations in the
Faroe Islands. Zeitschrift fUr Geophysik, Jahrg. 32, Sonderheft,
455-471,

SAXOV, S. and SPELLAUGE, R. 1967. Gravity Ties Denmark -~ the Faroes=
Iceland. Boll. di. Geof. theor, ed appl. 9, 66~84,

SCRUTTON, R., ROBERTS, D.G., MATHEWS, D.H, and LAUGHTON, A.S. 1970,
Structure of the Rockall Plateau and Trough, North East Atlantic.
In Geology of the East Atlantic Continental Margin. Symposium,
Cambridge. (in press).

SHERBON HILLS, BE. 1963. BElements of Structural Geology. London Methuen.
483 pp.

SHERIDAN, R.E., DRAKE, C.L., NAFE, J.E. and HENNION, J. 1966,

Seismic Refraction Study of the Continental Margin East of Florida.
Am, Ass. Pet. Geol, Bull, 50, 1972-1991.

SISSONS, J.B. 1965. Quaternary, In The Geology of Scotland, editor
Craig, G.Y. Oliver and Boyd, Edinburgh, 467-503.

SOLAINI, L., INGHILLERI, G, and TOGLIATTI, G. 1963. Results of some
Ad justments of Pendulum and Gravimeter Data on the European
Calibration Line., Boll, di., Geof, theor. ed appl. 5, 235-250,

STACBY, A.P. 1968. Interpretation of Gravity and Magnetic Anomalies in
the N.E, Atlantic. Ph,D, thesis., University of Durham. 144 pp.

STEWART, F.H, 1965, Tertiary Igneous Activity. In The Geology of
Scotland, editor Craig, G.Y. Oliver and Boyd, Edinburgh, 417-465.

STORRY, P.G. 1969, A Gravity Survey in the Lewisian of North~-West

Sutherland. M.Sc. thesis. University of Durham, 33 pp.



-100-~

STRIDE, A.H., BELDERSON, R.H., CURRY, J.R. and MOORE, D.G. 1967.
Geophysical Evidence on the Origin of the Faeroe Bank Channel.

1, Continuous Reflection Profiles. Deep~Sea Res., 14, 1-6.

STRIDE, A.H., CURRY, J.R., MOORE, D.G. and BELDERSON, R.H. 1969. Marine
Geology of the Atlantic Continental Margin of Europe. Phil. Trans,
roy. Soc. Lond. A, 264, 31=~75,

SUTTON, J. 1968, Development of the Continental Framework of the Atlantic,.
Proc. geol. Ass. Lond, 79, 275-303,

TALWANI, M. 1966a. Format for Punched Cards to be used for Gravity at
Sea, Bureau Gravimetrique International Paris, No, 12 Bulletin
dtinformation, 30-31,

1966b, Data Reduction and Display Procedures for Continuous
Gravity Measurements at Sea. Bureau Gravimetrique International
Paris, No., 12 Bulletin d%information, 26-29.
TALWANI, M., BARLY, W.P. and HAYES, D.,E. 1966. Continuous Analogue
Computation and Recording of Cross~Coupling and Off-Leveling Errors.
J. Geophys. Res. 71, 2079-2090,
TANNER, J.G. 1967. An Automated Method of Gravity Interpretation.
Geophys. J. R. Astr. Soc. 13, 339-347,
TARLING, D.H. and GALE, N, 1968. Isotopic Dating and Palaeomagnetic
Polarity in the Faeroe Islands. Nature Lond. 218, 1043-1044,
TUSON, J. 1959. A Geophysical Investigation of the Tertiary Volcanic
Districts of Western Scotland. Ph,D. thesis, University of Durham.
118 pp.

VENING MEINESZ, F.A. 1931. Une Nouvelle Methode pour la Reduction
Isostatique Reégionale de l'intensité de la Pesanteur. Bull, géod.
No. 29,

VINE, F.J. 1966, Spreading of the Ocean Floor: New BEvidence, Science.

154, 1405-1415.



-101~

VISCHBR, A. 1943. Die postdevonische Tektonik von Ostgr®bnland zwischen
74° und 75° n. Br. Medd. om Grénland. 133, Nr. 1, 1-64.

voer, P.R., OSTENSO, N.,A. and JOHNSON, G,L. 1970, Magnetic and
Bathymetric Data bearing on Sea=Floor Spreading North of Iceland.

J. Geophys. Res. 75, 903=920,

WAGER, L.,R. and HAMILTON, E.I., 1964, Some Radiometric Rock Ages and the
Problem of the Southward Continuation of the Bast Greenland Caledonian
Orogeny. Nature. Lond. 204, 1079~1080,

WALKER, F. and DAVISON, C.F. 1936, A Contribution to the Geology of the
Faeroes. Trans., roy, Soc. Bdinb, 58, 869-~897.

WALL, R.E., TALWANI, M, and WORZEL, J.L. 1966. Cross-Coupling and Off-
Leveling Errors in Gravity Measurements at Sea. J. Geophys. Res.

71, 465-485,

WATERSON, C.D. 1965. Old Red Sandstone. In The Geology of Scotland,
editor Craig, G.Y. Oliver and Boyd, Edinburgh, 269-308,

WATSON, J. 1963. Some Problems Concerning the Bvolution of the Caledonides
of the Scottish Highlands. Proc. geol, Ass. Lond. 74, 213-258,

1967. Evidence of Mobility in Reactivated Basement Complexes.
Proc. geol, Ass. Lond. 78, 211-236,

WHITMARSH, R.B. 1970, In Discussion of Roberts, D.G. Recent Geophysical
Studies on the Rockall Plateau and Adjacent Areas, Proc. geol. Soc,
Lond. No. 1662, 87-93,

WILSON, C.D.V. 1965. A Marine Magnetic Survey near Lerwick, Shetland Isles.
Scott, J. Geol, 1, 225-230.

WILSON, G.V., EDWARDS, W., KNOX, J,, JONES, R.C.B. and STEPHENS, J.V.

1935, The Geology of the Orkneys. Mem., geol, surv., Scotl, 205 pp.

WINTER, P.J., VALLIANT, H.D. and HAMILTON, A,C. 1961, Pendulum
Observations at Ottawa, Gander, Teddington, Paris, Rome and Bad

Harzburg. Bull, géod., No, 60, 142-166,



~-102-~

WOOLLARD, G,P. and STRANGE, W.B. 1961. Gravity Anomalies and the Crust
of the Earth in the Pacific Basin. Am. Geophys. Union Monograph
No. 6, 60=80, |

WORZEL, J.L, 1959, Continuous Gravity Measurements on a Surface Ship
with a Graf Sea Gravimeter., J. Geophys. Res. 64, 1229~1315.

1968, Survey of Continental Margins. In Geology of Shelf

Seas, editor Donovan, D,T. Oliver and Boyd, BEdinburgh and London,
117-152,

WORZEL, J.L. and SHURBET, G.L. 1955, Gravity Anomalies at Continental

Margins. Proc. Nat. Acad. Sci. 41, 458-469,

§ “‘:‘“r.nn ,
é@ o‘“ q‘](i




