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ABSTRACT

The collection of data: and the results of a detailed
magnetic survey on the crest of the Iceland-Faeroes Rise
are described.

A matrix method is developed to transform gravity anomalies
to magnetic anomalies, and vioe versa, to determine the ratio
of magnetism to density in an équivalent layer, to solve for
the angle of magnetisation of a body causing a magnetic anomaly
and to separate magnetic anomalies caused by different types
of source body.

The data from the detailed survey area are interpreted as
supporting the conclusions of previous authors that the crustal
structure of the Iceland-~Faeroes Rise is highly anomalous for
an oceanic setting, and is similar to that of Iceland, with at
least two magnetic layérs=which contain central intrusive
complexes; granitic rocks may also be present.

The matrix methods developed in the first part of this
work are used to interpret gravity and magnetic data from a
previous Durham survey on the Iceland-Faeroes Rise. Results
indicate that the magnetic anomalies are controlled by seismic
structure on NE -~ SW profiles, but include a component which is
independent of seismic structure which is of greater significance
on NW - SE profiles. The latter component is identified as
magnetisation changes as a function of time.

Magnetic and gravity anomalies from the Scottish Continental
Shelf region are used to demonstrate further the scope of the
matrix methods for combined analysis of gravity and magnetic

anomalies.
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CHAPTER _ONE

INTRODUCTION

The subject of this thesis is mainly that of the presentation

and interpretation of magnetic anomalies on the Iceland-Faeroes
Rise. Data used in the interpretations were collected during
two geophysical surveys conducted by the Geology department of
the University of Durham: the first, in July, 1967, was based
mainly on widely spaced NW - SE tracks,mélong the crest of the
Iceland~Faeroes Rise and into the Norwegian Sea, covered by
ReReVe John Murray; the second survey was conducted in July,
1969, from m.v. Arran Firth,‘and consiéted of closely spaced

E - W tracks in a émall area on the crest of the Iceland-Faeroes
Rise. During the first survey, gravimetric data were also
recorded, and the first phase of the second survey was devoted
to seismic refraction lines, on the'Rise and in deeper water .
to the south of Iceland. Interest in the origin of the
Iceland-Faeroes Rise is due to its obscure significance in

the evolution of the northeast Atlantic Ocean by sea-floor

I

spreading.

161 Marine magnetic anomalies, sea-floor spreading and the

North Atlantic.

The spreading history and age of an ocean basin are usually
determined from a study of the typical linear magnetic anomalies
which wére first observed in the northeast Pacific by Mason and
Raff (Mason, 1958; Mason and Raff, 1961) and, subsequently, by

other authors in all the major oceans (Pitman and Heirtzler,

19663 Heirtzler et al., 1966; Pitman and Heirtzler, 1968; Dickson
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et al., 1968; Godby et al., 1968; Avery et al., 1968; Le Pichon
and Heirtzler, 1968). Use of these anomalies in the study of
ocean basin evolution depends on the assumptibn that they are
caused by the presence of positive and negative remanent
magnetisations (Vine and Matthews, 1963). The hypothesis of
Vine and Matthews states that the linear strips of positive
end negative magnetic anomalies form a record of geomagnetic
field polarity reversals, from the time of the initial opening
of an ocean to the p?esent day. The record is built up as a
sequence of thermo~remanent magnetisations within basaltic
additions to the oceanic crust as théy cool through the Curie
temperature point. Thus, the linear magnetic anomalies of
the Raff-Mason type are isochrons, with a strike direction
perpendicular to the resultant direction of spreading of a
particular region of the ocean floor;

The linear magnetic anomalies themselves have been
recognised to exhibit symmetry in distribution about the axes
of mid-ocean ridge systems'on profiles perpendicular to the
strike of the ridges. Each major component of this symmetry is
identified by a number based on a convention established by
Pitman et al. (1968), and each number has been assigned an age
on the time scale of Heirtzler et al. (1968), or modifications
of this time scale, Thus, the determination of the spreading
history of a particular oceanic area dépends on the recognition
of the numbered sequence of anpmalies, or by correlation of the
magnetic anomaly pattern with that of an area for which a
spreading history has been established.

In relating the evolution of an ocean basin to the concept

of sea-floor spreading it is often necessary to consider the effects



of various disturbing phenomena which complicate or obscure the
magnetic pattern. The offsets in the pattern caused by transform
faults (Wilson, 1965) can produce anomaly configurations of

great complexity, such as the series of sigmoidal patterns

'noted off the west coast of North America (Menard and Atwater,

1968). A global pause in spreading activity may have occurred
from 40 mybp to 10 mybp (Ewing and Ewing, 1967) whicﬁ‘wo;id
cause juxtaposition of magnetic anomalies caused by volcanic
material of significantly different ages. Migration of the
spreading axis itself hés been proposed (Johnson and Heezen,
1967; Vogt et al., 1970) and also two active spreading axes
may‘ﬁave existed simultaneously in a single ocean basin (Godby
et al., 1968). In addition, much information on the iﬁitial
spreading rates and directions for parts of the north Atlantic,
as determined from magunetic anomalies, is obscured by the
magnetic quiet zone, the boundary of which is sub-parallel to
the continental slope (Heirtzler and Hayes, 1967).

Complexity in the marine magnetic anomaly patterm im often
associated with marginal transformations betﬁeen areas that
differ in spreading history. Such marginal complexity can
effectively obscure the relationwbetween adjacent ocean basins
which, individually, exhibit a magnetic anomaly pattern of
relative regularity.

A situation of this type exists in the northeast Atlantic,
of which a physiographic map is shown in fig. 1.1; a residual
total field magnetic anomaly map, from the aeromagnetic survey
of Avery et al. (1968) over the northern part of this area, is
shown in Pig. 1.2. The area may be divided into three sub-areas,

based on a classification by magnetic anomaly patterns and strike
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directions. North of the WNW - ESE trending_Jan Mayeﬁ‘Fracture
Zone, a system of anomalies, of gen;ral trend NE ~ SW, is
associated with the spreading axis of the Mohns Ridge (Vogt et al.
1970).  South of the Jan Mayen Fracture Zone, in the Norwegian
Sea\and on the Icelandic Piateaug the main anomaly trénd is N -8
with shorter wavelength anomglies to the west 6f the aseisnmic
South Jan Mayen Ridge. Finally, the southernmost spb-area, in

the Atlantic basin south of Iceland, is characterised by NE - SW

S

trending anomalies associated with the active Reykjanes Ridge

section of the main Mid-Atlantic Ridge (Heirtzler et al., 1966;
Godby et al., 1968; Talwani et al., 1971). The two marginal
zones between these sub-areas exhibit different magnetic anomaly
characters: the Jan Mayen Fracture Zone is associated with a

N - S change in the principal strike direction qf the anomalies,
from N - S to NE - SW; the southern marginal zone includes

the Iceland-Faeroes Rise and is of great complexity.

1.2 The setting of the Iceland-Faerogisise.

The Icelaﬁd-Fae:oes Rise forms part of a NW - SE trending
aseismic ridge which'extends from the east coast of Greenland
fo the European continental shelf north of Sqotland. In\turn
this ridge system, which reaches topographic culminations in
Iceland and the Faeroe Islands, is intimately associated with
the concept of a Thulean igneous province, of extent from
Baffin Island, through Greenland to northwest Scotland and Antrim

and of predominantly Tertiary age.

Te2e1 Sea-Floor spreading histpries.

Southwest of this ridge system, spreading is based on the



Reykjanes Ridge and its relation to the opening of the main

Atlantic Ocean. The spreading history of this region appears

to be relatively simple, but to be baded on several stages,

during which the openings between Labrador and Greenland, and

Europe and Rockall were aiso developed. The following sequence

iis taken from Le Pichon et al. (in press) vwho proposes that the

initial opening of the north Atlantic occurred in the late

Cretaceous:

1)
2)

3)

k)

Before anomaly 32 (76 mybp) there was opening
between Rockall and Furope. )
Between an§malies 32 and 24 (76 to 60 mybp) the
first ﬁwo thirds of the Labrador Sea were created.
Between anomalies 24 and 20 (60 to 49 mybp), there
was a triple junction of active ridge axes in the
North Atlantic, with spreading in the Labrador Sea,
continued spreading in the main Atlantic Ocean and
spreading from the newly formed Reykjanes Ridge.
After anomaly 20 (49 mybp), spreading in the
Labrador Sea is much réduced, aﬁd finally ceases,

while that from the Reykjanes Ridge continues.

Laughton (1971) states essehtially the same saduence, with

N

the exception that this author considers the Rockall trough

to berthe site of a complex transform fault system associated

with the Iceland-Faeroes Rise as a fossil mid-ocean ridge, and

not as the site of an extinct spreading axis.

Spreading rates on the Reykjanes Ridge have been subject

to fluctuation (Vogt et al., 1970), but direction has remained

essentially constant at 095°T since at least 40 mybp,.a




The latest period of spreading began about 18 mybp (Vogt et al.,
1970) at a réte which has been constant for at least the last
10my (Talwani et al., 1971), at 1.13cm/yr in the direction 095°T
or O,980m/yr in a directiéﬁ perpendicular to the axis (ngt et al.,
1970). While the spreading configuration associated with this
axis appears to be relatively simple, it has been suggested that
two dormant spreading a#es are located symmetrically about the
Reykjanes Ridge and parallel to tﬂe present active axis, at a
distance of 260km on either side (Godby et al., 1968).

North of Iceland and the Greeniand-Scotland ridge systen,
the history appears to be more complicated. Vogt et al. (1970)
consider that Norway and Greenland began to separate approximately
60 - 70mybp, and that the location of the Mohns Ridge, in a
median position with respect to the opposite continental shelf
areas, suggests a single spreading axis for the whole opening
ﬁorth of the Jan Mayen Fracture Zone. Bétween the Jan Mayen
Fracture Zone and Iceland, Vogt et al. (1970) showed that the
distance between the South Jan Mayen Ridge and bhe edge of the
Norwegian continental shelf (fig. 1.1) is approximately equal
to the total width of spreading generated by the Mohns Ridge
from 60 to 42mybp. The active Iceland-Jan Mayen Ridge is
located west of the aseismic South Jan Mayen Rldge and thus, 11es
much closer to Greenland than to Norway. A Shlft of spreadlng
axis has been postulated from the east to the west 51de of the
South Jan Mayen Ridge (Johnson and Heezen, 1967; Vogt et al.,
1970). The extinct axis ié marked by a line of seamounts in the
Norwegian Sea (Vogt et al., 1970) known as the Pinro Volcanorium
(Fig. 1.1), from which spreading ceased at about 42mybp. The

present activity on the Iceland-Jan Mayen Ridge has been continuous



. since at least 10mybp (Vogt et al., 1970). The South Jan

Mayen Ridge is now regarded as a sliver of Greenland left between
the present position of the spreading axis and the extinct axis
(Johnson and Heezen, 1967).

Within this configuration of sea~floor spreading, the
Greenland ~ Scotland ridge is a lateral ridge of the type defined
by Wilson (1963), who considered that both the Greenland -
Scotland and the Rio Grande\- Walvis ridge syst;ﬁs represented
sections of the oceanic crust formed at and spreading from
thot spot#' on the active axise. The 'hét spot' is a section

* S
of the mid=~ocean ridge where volcanic activity is more intense.

1e2.2 Magnetic anomalies.

The total field aeromagnetic map of Avery et al. (1968) over
the Icéland-Faeroes Rise (fig. 1.3) shows the complexity in the
magnetic structure over the crestal plateau. The regular
NE - 8W Raff-Mason type of anomalies in the ocean basin to the
south‘of Iceland realign over the crest of the Iceland-Faeroes
Rise into a N - S trend, with a markea shortening of wavelength
in the E - W direction and an increase in amplitude. Off the
north - east flank of the Rise, the dominant trend is again
NE - SW until the N - S anomaly pattern of the Norwegian Sea is
developed at about‘65°Nr |

Within the ﬁv- S pattern of anomalies on the crest of the
Rise, complexity is increased by the presence of some NW « SE
trending anomalies, particularly towards the south and on the
Faeroes‘shelf area. Towgrds the north, the zone of high wavenumber
N ~ S anomalies narrows and peters out by about 65°N. Anomalies

of the type that characterize the crest of the Iceland~Faeroes
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Rise are found also on the Wyville - Thompson Ridge, between
the Faeroes and Scotland, and have been confirmed, from the
results of a detailed shipborne survey, on thé Faeroes Bank
(Dobinson, 1970).

| Over Iceland itself, Serson et al., (1968) noted a large
positive magnetic anomaly associated with each branch of the
Neovolcanic Zone in southern Iceland. The trend of local
anomalies is NE ~ SW in the southern half of Iceland, but
becomes N - § in the notth after an abrupt change in direction
at 65°N.

The widely spaced flight lines of Avery et al., (1968) did
not permit full resolution of local trends and continuities in
the magnetic pattern on the crest of the Iceland - Faeroes Rise,
and it was to enable a more complete investigation of.these
local features that the detailed survey from m.v. Arran Firth ?
was conducted in 1969. ;

A detailed magnetic survey, conducted by the German
Hydrqgraph&c In?titute (Hamburg) from FS Mebeor in 1968, showed

i v ‘ sy
great iiregularity in the magnetic pattern over the southern
haif of the Iceland-Faeroes Rise (Fleischer, personal communication), ‘
with N -‘S; NE - SW, NW - 8E trending features. There are also |

local anomalies of circular or elliptical form, with amplitudes

up to 1500 gamma. Johnson and Tanner (1971) have discussed the

results of a semi-detailed shipborne survey over the northern !
half of the Iceland - Faerces Rise, and these authors take note |
of a NW - SE trending feature within the limits of the area

covered by m.v. Arran Firth.



1e2e3 Bathymetry and seismic reflection‘profiling.

The Icelaﬁd-Faeroes rise is in the fofm of an elevated,.
gently domed plateau, rather than the 'range and valley' sea-
floor topography of the Mid-Atlantic Ridge. On the crest of
the Rise, bathyméfric relief is low (fig. 1.4); ﬁﬁe\séa floor is
generally at a depth of 500 - 600m, with local features and
scarps rising to 100 - 150m above the general level (Fleischer,
personal communication). This smooth crestal topography is not
usually assoéiated with a complex system of magnetic anomaliés
in the absence of\faulting; such high wavenumber anomaliés are
observed over ocean ridges of rough topography, and in the
presence of rifting (Vogt et al., 1969). To the north-east,
the Rise is bounded by steep flanks descending to 2500m in the
basin of the Norwegian Sea, while to the south-west, the
bathymetric gradient is more gentle towards the Atlantic basin
south of Iceland. The junction of the Rise with the two ‘'shelf!
areas of Iceland and the Faeroes is marked, in each case, by a
steep scarp of about 200m (fig. 1.4).

| The presence of high wavenumber magnetic anomalies indicates

that 'basement!, of presumably igneous origin, outcrops at or
close to the sea floor over most of the Lceland-Faeroes Rise.

A short air-gun seismic reflection profile, recorded during the
1969 survey of m.v. Arran Firth, was unable to detect any
sedimentary cover in the crestal region (Peacock, private
communication). Subsequent reflection profiles (Jones et al.,
19703 Johnson and Tanner, 1971) have shown that the north-east
flanks are covered by a thick wedge of sediment, while ov;r.fﬁe
c;estal region and the more gentle south-west slopes, the

sedimentary cover is present only locally, where it is very thin.
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Core gamples obtained during the survey of FS Meteor in 1968,
from thé;ébuth—west‘section of the Iceiagd;Faeroes ﬁise
contained only rock and shell fragmenté; this content was
considered té be due to overflow of water from the'Norwegian
Sea, which results in the removal or non-deposition of fine
material (Sarginson, 1969). The same mechanism was invoked by

Jones et al. (1970) to explain the asymmetrical distribution

of sediment on the Rise.

1.2.4 Age dating and petrology.
—

The concept of a Tertiary British-Arctic, or Thulean,

igneous province, once of wide extent but now restricted to
Antrinm, north-west Scotland, the Faeroes, Iceland and parts

of Greenland dﬁé'to differential subsidence, has been modified
since the general acceptance of sea floor spreading and as
isotopic dating has shown that Iceland represénts a much
younger phase of activitye.

It is generally accepted that detectable movement between
Greenland and Europe wés initiated at about 60mybp (Vogt et al.,
19703 Le Pichon et al., in press), although the initial split
was somewhat earlier. An age of 60my has also been recorded
for a number of features of igneous origin which are probably
associated with the developmént of a spreading axis. The
basalt pile of the Faeroes hasAbeen dated on K/Ar ratios at
50 - 60my (Tarling and Gale, 1968), a date that is consistent
with the Lower Focene age obtained from pqunological studies;
a similar age has been obtained for Rockall (Moorbath and Welke,
1968). Both of these seem to have been contemporaneous in

formation with the Tertiary activity in north-west Scotland
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if the Island of Skye is a representative area (Moorbath and
Welke, 1969). However, Iceland represents a much younger
phase of activity; the eastern part of the country, which
includes the oldest exposéd rocks, has been dated at 15my
(Moorbath et al., 1968). Thus the age of the Iceland-Faeroes
Rise falls within the range 15 - 60my if it forms pért of the
evolution of the north—easf Atlantic by sea floor spreading.
The geometry of its location is in favour of the Rise being
formed during the spreading process, and argues against its
presence as a pre~existing feature.

The Iceland-Faeroces Rise is terminated to the north-west
and to the south~east by land areas in which the ggology has
been investigated quite extensively.

To the north-west, Iceland has been shown to consist of
Tertiary-Recent lavas, pyroclastics and intrusives. Ages
iﬁcrease in approximately an E - W direction from the so called
'central graben', containing exposed Quaternary Volcanic
material, outwards to the wholly Tertiary areas. The Tertiaryy
area of eastern Iceland has been shown to consist of two types
of igneous activity (e.g. Walker, 1963); fissure controlled
eruptions have produced vast quantities of flood basalts in
which are set central volcanic intrusive complexeé associated
with magma reservoirs at a high level in the crust and a wide
variety of rock types due to extensive differentiation of the
parent magma (Carmichaei, 1964) . Further.petrologic variation
in Iceland is provided by the presence of an alkali - basalt
trend, possibly in association with the tapping of a deeper
magma source along fracture zones‘QSigurdsson, 1970) .

To the south-~east, the exposed rocks on the Faeroe Islands
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consist of a thick sequence of basalts (Noe - Nygaard and
Raémussen, 1968) which generally become more basic up the
succession, from quartz-tholeiites to olivene-tholeiites.
The graduation in composition has been explained (Noe - Nygaard
and Rasmussen, 1968) in terms of an increasing depth for hagma
segregation with decreasing age, an explanation‘that is in
accordance with a continuous increase in distance from an
active spreéding axis.

The compositions of the Thulean volcanics are anomalous
in an oceanic area; Chayes (1964) omitted the lavas of the Jan
Mayen and the whole of the Thuléan group, including Iceland,
from his oceanic classifications as they were considered to be
of continental type. The proportion of acid lavas and!
intrusives in eastern Iceland associated with centres such as
Thingmuli (Carmichael, 1964) is at about the limit of that
obtainable by fractionation from a parent basaltic magma, but
the‘results of g;ggeratio determinations show no difference
between Icelandic acid and basic rocks (Sigurdsson, 1967), and
the Icelandic acid rocks show no sign of contamination
asgimilation of an ancient crustal source of lead, as shown
from isotope studies on the intrusives of Skye (Moorbath and
Welke, 1969) and from Rockall (Moorbath and Welke, 1968). Thus.
the acid rocks of Iceland seem to be derived from a basaltic
parent by a process of differentiation that is anomalously
extensive and efficient in an oceanic environment.

The quartz-~normative tholeiitic lavas of the Faeroe
Islands are also unusual, when compared to similar rocks from
active ocean ridges, in their consistently higher iron and

titanium content (Noe -~ Nygaard and Rasmussen, 1968).
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Te2e5 Seismic refraction and gravity meaguregents.

| The aﬁémaibus ché;acter of Iéeland is evideﬁé also in its
variable crustal structure, with a total thickness of 10 - 15kn
(Palmason, 1970) which is greater than that of typical oceanic
crust. Palmason (1970) has presented a review of the crustal
structure of Iceland based on the results of previous workers
in refraction seismology (e.g. Bath, 1960; Palmason, 1967) and
surface wave studiesl(T;yggvason, 1962), and on the results of
recent refraction experiments. ‘Aﬁ average crustal structure,
as recognised from refraction seismology, has been presented by

Palmason as follows:

Layer Average P ~ velocity Average density
B /) (en/cc)
0 2.8 2.1 = 2.5
1 o k.2 2.6
2 5.1 2.7
3 6.5 2.9
b 72 ' 3.1

Layer O has been identified with Quaternary lavas and
pyroclastics which form the surface layer in the Neovolcanic
Zone ofVIceland. P - velocities in this layer are very
variable and so is the total thickness which is up to 1000m
on thé active Reykjanes Peninsula. Layers 1 and 2 are composed
mainly of Terti;ry flood basalts of the same rock type. In

most locations, layer 1 forms the outcropping layer away from

the Neovolcanic Zone, but layer 2 is the surface formation in



e e e e em e e

- 14 -

south-east Iceland. Layer 3 is not exposed; it may be
equivalent to the main oceanic layer, but on Iceland it has
considerable variation in thickness and depth to its upper
surface. The fifth refractof, layer 4, is considered to be
the uppermost mantle, but of the anomalous 1ow-velocity type
that‘hés been detected beneath active ocean ridges (Le Pichon
et al.,r1965). The crust of Iceland is thus definéd by the
depth to layer 4 which varies from 10 - 15km where detected in
refraction data.

The basalt pile of the Faeroes has been correlated onvP -
wave velocities with layers 1 and 2 in Iceland (Palmason, 1965).
A velocity corresponding to layer 3 in Iceland was also recorded,
and again this layer is not exposed at the surface.

Seismic refraction measurements on the IcelandfFaéroes
Rise were made as part of the geophysical survey in 1969 when
the detailed magnetic data was collected. The locations of
two reversed lines, 69/2 and 69/3 on the Rise, and of the
reversed line 69/4, shot in deeper water, are shown in Fig 1.k4.
Results from the refraction survey (Bott et al., 1971) demonstrate
the presence of a crustal structure of layering and variability
on the Rise similar to that in Iceland, and of total thickness
equal to, or greater than that of the Icelandic crust,. Layers
with velocities corresponding to layers 1,\2, 3 and 4 have been
identified on the Iceland-Faeroes Rise, but in most cases each
velocity is slightly higher than its average equivalent in
Iceland. However, in Iceland the velocity in layer 1 is
higher in the south than it is over the rest of fhe country

and is of the same order as that recorded by Bott et al., (1971).
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The free air gravity map presented by Bott et al.(1971),
compiled from data collected during the 1967 survey of RRV
John Murray, is shown in fig. 1.5. Local anomalies on the
original data profiles have been related b& Bott et al., to
variability in upper crustal structure which was shown to be
present from the results of the refraction survey. In broad
structure, Bott et al., have shown that the Iceland-Faeroes
Rise is approximately in isostatic equilibrium, with
compensation provided by crustal thickening to 20km. These
authors have interpreted a change in level of the Bouguer
anomaly, from +110mgal on the Rise to -35mgal in the bowl-
shaped anomaly field of Iceland (Einarsson, 1954), as being
caused by lateral change in density from the normal upper
mantle 5eneath the Rise to Anomalous upper mantle beneath
Iceland. Thus, Bott et al., conclude that the Iceland-Faeroces
Rise has heen formed by an anomalous type of sea floor spreading
due to the presence of a 'hot spot! on the Mid-Atlantic Ridge,
and that the Rise is related to Iceland in the same way that
more typical oceanic crust is related to a typical active mid-
ocean ridge. In contrast,iBott et al., distinguish a possible
change, at the southern end of thé Iceland-Faeroes Rise, to a
crust of continental type beneath the Faeroe Islands, and
suggest that the northern and north western edges of the whole
Rockall=-TFaeroes plateau mark the site of a true continental
edge. This hypothesié receives support froﬁ the inclusion of
the Faeroes 'shelf', as well as Rockall, in a pre-drift
reconstruction of the north-east Atlantic (Bott and Watts, 1971)

to produce a better overall fit than that produced by the
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reconstruction of Bullard et al. (1965).
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CHAPTER TWO

COLLECTION, REDUCTION AND DESCRIPTION OF SURVEY DATA.

The area of the detailed magnetic survey was covered during
the period 8th - 13th July, 1969 from mv Arran Firth, and was
contained by geographical coordinates 63°09'N, 63935'N; »
09°50 ‘W, 12°10'W (fig. 1.3).

2471 Collection of data, survey procedure,

The detailed magnetic survey on thé plateau of the Iceland-
Faeroes Rise was conducted on a grid of twelve E -~ W lines.

The lines were approximafely of 100km length and with an average
spacing of 5kmj the actual spacing distance between adjacent
lines varied locally between 2km and 6km due to moderately

high seas and tracking failures of the Léran = C navigation
equipment.

A Varian proton precession magnetometer, on loan from the
National Institute of Oceanography at4WOr@1ey, was used for
recording magnetic data. The theoretical resolution of this
ingtrument is one gamma. The cabinet containing the recycling,
counting and visual display units of the magngtqmeter was
located in the forward cargo hold of mnv Arran Firth, and
produced an analogue paper record of total field variations.

An adequate recycling period was determined at 10 seconds, and
this value was used throughout the survey. After a study of
the total field version of the aeromagnetic map (fig. 1.3),

the full scale deflection of the pen recorder was set at 1000
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gamma to accommodate the expected steep gradients. During the
survey period, the ship's speed was either 5 knots, while an
airgum séismic reflection profiling system was being tested,

or 8 knots, when the guns were out of the water; thus, values
of magnetic field were recorded at intervals of 20m or 35m
along the lines. An additional pen on the display unit of the
magnetometer was used to write time marks on a side trace of
the analogue reco;d, at intervals of 10 minutes. These time
ticks were produced by a manual D.C. switch located near the
navigation equipméﬁt on the bridge of mv Arran Firth. The
magnetometer unit and paper record were checked hourly when
day, time and the first two figures of field strength were
written against the sixth time tick.

The sensing head 'fish' of the magnetometer was towed
150m astern to reduce the disturbing effect due to the survey
ship. This effect was also minimized by the east-west
configuration of the survey lines (Bullard and Mason, 1963).

Navigational coordinates were recorded at intervals of 10
minutes, by use of a continuous tracking Loran - C receiver,
for which é fix accuracy of 300m is claimed. Time marks were
entered on the magnetic record for each navigation fix. The
Loran receiver required resetting on occasions due to temporary
tracking failures. Other interruptions were caused by failures
in the power supply, which also accounts for some gaps in the

magnetic record.

2ela Correction and reduction of data.

The treatment of magnetic data must include a counsideration
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of the 'noise' level introduced by time dependent variations
in the earth's field. This noise includes the two main types (
of disturbance due to short period daily variation (measured
in hours) and the longer period secular variation (measured in
months). Mégnétic storms, of more random occurrence, consist
of higher amplitude, higher frequency fluctuatibns, and can
render magnetic data too unreliable for interpretatioh. As
the survey lasted only five daygsy the disturbing effect of
secular variation is négligible.

In treatment for the effects of the daily variation,
which is influenced by local geographic and atmospheric
conditions, surveys over land make use of corrections derived
from the magnetograms of the observatory nearest the survey
area. For marine surveys in areas well away from land, the
application of corrections for the daily variation is more
uncertain. If the facilities are available, a recording
station on a moored buoy in the survey area can be used as a
source of data on local variétions (Cann and Vine; 1966) .
Alternatively, information from peripheral land observatories
may be used to indicate the reliability‘of magnetic data, by
use of K indices. The K index describes the rénge and rate
of change of a field component, as measured at a particular
observatory (Bartels, 1957), and is a quantitative measure of
the tolerability of time dependent magnetic variations.

In order to assess the effect of these variations for the
period of the survey in 1969, magnetograms were obtained from

observatories at Leirvogur, in Southern Iceland, and Lerwick,
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Shetland. The magnetograms indicated the absence of magnetic
storms for the period of the survey, but were studied to
determine also the degree of correlation between the records
from the two observatories.

There is quite good phase agreement between Leirvogur and
Lerwick for variations of 8 - 10 hours, in both the vertical
and horizontal components, although the amplitude of variation
is lower at ierwick. - Fig. 2.1. shows the daily variation for
a typical 24 hour period during the time of the survey. In
the vertical component, relative maxima occur at 18 %<19 hours
(universal time) at both observatories, ana both recorded a
minimum at O4 hours. Peak to trough ranges of the 8 - 10
hour variations at Leirvogur were generally of the order
30 = 100 gamma in the vertical component. The most intense
activity occurred in the interval 00 - 07 hours of 12th July,
when oscillations of 50 gamma amplitude, and periods of 10 - 30
minutes were superimposed on 4 - 6 hour variations. Maximum
amplitudes of the latter were 100 gamma for the vertical
component and 200 gammalfor the horizontal component at
Leirvogur. Throughout the entire survey period, the
amplitude of variation in the vertical component was lower than
that of variation in the horizontal component. In the high
latitudes of the survey area (field inclination of 75°)
Leivogur and Lerwick, the magnitude of the vertical component
of the earth's field is four to five times that of the horizontal;

base values for the components at Leirvogur in June, 1969, were:
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Zo = 49390 gamma

n

Ho = 12045 gamma

Thus variation in the horigzontal component has a much smaller
effect on the total field values than does vériation in the
vertical component.

The daily variation as observed at Leirvogur represents a
root-mean-square error of 40 gamma in the total field measurements
for the survey area; the corresponding error calculated from
the Lerwick magnetograms is 20 gam@a. These error estimates
were calculated from magnetogram values at intervals of 8 hours.

A corfection was applied to the survey data from the
Leirvogur magnetogggms, and was based on a hand-smoothed

representation of the longer period (4 - 10 hours) variations

for both field components, related by an inclination of 75°.

~These corrections were applied within the main reduction

program, SPHEL (see below). The main uncertainty in applying
corrections in this way, even with the assurance of some
correlation between flanking land observatories, is a lack

of knowledge of the behaviour of field variations in th?
conditions of the open ocean.

No correction was made for the lag of the magnetometer
sensing head relative to the Loran receiving antenna on the
stern superstructure of mv Arran Firth. Neglecting slight
divergences from parallelism in adjacent ships' tracks, the
maximum spurious phase difference, due to this lag, on adjacent

magnetic'profiles is two cable lengths, or 300m. This does not
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affect quantitative interpretation as this was performed on
single profiles, and the induced error in anomaly trends on
the total field and residual maps is well within the accuracy
of hand contouring.

Further processing of the data wgs céhducted in five main
stages, during which the data was converted to a form suitable
for interpretation, and regional field constants were calculated:

i) Conversion of Loran - C navigation readings to
geographical coordinates of latitude and longitude (a Decca
program).

ii) Conversion of latitude and longitude to grid
coordinates of km north and km east from a false origin
(program GRID).

iii) Calculation of regional field values. for each
navigation fix (program REGMAG).

iv) Conversion of the analogue record of total field
magnetic data to a digital sequence.

v) | The assighment of geographical coordinates to each
station point in the digital data, the calculation of distance
and azimuth between successive stations and reduction to
residual asnomalies. This stage was performed by use of the
main magnetic reduction program SPHEL.

All reduction and interpretation programs were written
for use on the Northumbrian Universities Multiple Access
Computer IBM 360/67 at Newcastle, unless otherwise stated, in

which case computations were performed on the IBM 1130 at Durhan.
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i) Conversion of Loran - C Readings to Geographical

Coordinates.

Readings of day, time, Loran - C data and ship's heading
and speed, from the geophysical log book of the survey, were
transferred onto puncﬁed cards for processing on the IBM 1130.
This stage in the reduction makes use of a program, developed by
the Decca Navigation Company, to solve for the intersection
of two sets of hyperbolae which are the loci of constanf time
difference in the reception of Loran master and slave signals.
The program produces a punched card output containing the
input data plus latitudes and longitudes. The output form
of day and time is that of an integer and decimal fraction of
a day. This set of output provides the basic calibration and
library record for the survey.

ii) Conversion of Geographical to National grid Coordinétes.

This stage of the reduction was included as a preliminary
step in the preparation of a contour map, and makes use of a
program written by A. Dobinson (Dobinson, 1970).

iii) Calculation of the International Geomagnetic Reference

Field.

The program to compute values of the IGRF was written
at Cambridge and is based on the work of thé International
Association of Geomagﬁé£ism and Aeronomy (IAGA), Commission 2,
Working Group 4. Values of a reference field, represented by
a series of spherical harmonics, are computed at the corners
of full degree squares on the ellipsoid surface of the earth
(IAGA, 1969). Stations which fall within the degree squares are

assigned a reference field value by interpolation. The final
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values obtained are those calculated by an extrapolation from
epoch 1965.0 to the date of the survey, by a harmonic
represenfgtion of secular variation. The user of the program
is required only to write a computer routine for specific
input and output formats, and for calling the main operating
procedures. M |

The punched card output from this program contains time
and geographical coordinates, as well as the regional field
values, and forms one section of input to the main magnetic

reduction program.

iv) Conversion of Analogue Magnetic Records to Digital Form.

A digifaijééquence wae obtained on punched paper tape by
use of a D - Mac pen follower. The records were prepared for
digitisation by dividing the data into sections, or blocks,
contained within known time intervals, as defined by the ticks
entered during the survey. Block length was usually 30 minutes,
but some longer or shorter blocks were necessary to cover gaps
in the navigation record, or for tﬁé end points to coincide
with changes in speed or major heading changes. The time of
start and finish of the block, caelibration coordinates for the
full scale reading of the record and the first two figures of
the total magnetic field were punched onto the tape at the
start of each block.

As the.field over the Iceland-Faeroes Rise contains a
mixture of anomalous magnetic features, with a wide range of
spectral composition, and also the analogue record was a
function of time-during which there had been a number of changes

in the ship's speed, it was decided to use a varying digitisation
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interval. The analogue record was covered by a sequence of
digitised points to divide the wave forms into linear sections
of varying lengths. Supplementary points were inserted over
sections of very long waveleﬁgth. Due to the nature of the
magnetic field, even short profiles contain a sufficient number
of statian points, and a coverage of sufficient uniformity to
ensure adequate bond;tioning of the data for use in least-square
technique.

A computer program (SMAG), written by A. Dobinson (1970),
was used to convert the D-MAC coordinates of each station point
into a total field value aﬁd an abcissa repreéenting a decimal
fraction of the total duration of the block in increasing time.
The output from this program was edited 'manually', and
individual blocks were separated by the insertion of header
cards containing times of start and finish and corrections for
daily variation. This raw data formed the second input section
to the main reduction program.

V) Main Magnetic Reduction Program (SPHEL).

SPHEL is a general purpose reduction program for marine
magnetic data in profile form. The programming language is
PL/1, and a complete listing with input specification for the
IBM 360 is contained in appendix A.

The first section of the program assigns geographical and
grid coordinates, and a value for the magnetic regional (IGRF)
to each digital station point. Assignment is by a process of
linear interpolation baséd on the time of each controlling

navigation fix, the times of start and finish of each data

block and the position of each station within its block as
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represented by the fraction of the total duration of the block.
The correction for daily variation is also made in the same
way, by assuming a linear gradient between the values assigned
to the ends of each block. As the average block duration was
30 minutes, the interpolation was made over distances of 6 - 9km,
involving 30 - 50 stations. Within this distance the change
in value of the IGRF depends on the azimuth of the line, but

is generally less than 10 gamma, and a linear interpolation

is quite adequate. The IGRF is subtracted from the total
field value at each station point to produce a residual
anomaly.

The second section of SPHEL computes the distance between
successive station points and sums these values to produce
cumulative distance along the profile. The national grid
coordinates could be used to compute distances in areas close
to the centre of the grid system where distortion is small,

In the area of the Iceland-Faeroes Rise, and especially for
long profiles, distances are preferably calculated from
latitude and longitude and the formulea of geodesy. For this
purpose the program DISAZ, written by M.A. Hutton (1970) was
included in SPHEL as a subroutine, This subroutine uses
coefficients derived from the International Gravity Formula

to calculate the distance and azimuth of a second pair of
latitude and longitude coordinates relative to a first pair;
the azimuth is calculated in the form of a back-bearing.

A third section of SPHEL computes an additional set of

residual anomalies by least-squares regression to a polynomial.
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In the standard version of the program (appendiz A), the data
are used to derive a linear regional (first order polynomial),
but with slight modification, curves of second or third order
can be used. The least-squares procedure is performed by use
of LLSQ, a standard routine of the IBM 360 systems library,
and included in the special batch of programs of the Scientific
Subroutine Package (8S8P)(IBM, 1968).

The coefficients produced by fitting a line to the data
consist of a regional magnetic value at a false origin, which
may be at one end of the line or elsewhere, and a regional
field gradient along the line with increasing distance. Thus,
a set of residual anomalies is derived by subtraction of the
values of the dependent variable in the regional equation.

The final output of SPHEL consists of all or some of

the following for each digitized point:

a) day and time.

b) distance and azimuth.

c) latitude and longitude.

d) grid coordinates.

e) total magnetic field.

) residual anomaly based on the IGRF.

g) residual anomaly based on least-squares.

In a typical performance of SPHEL, with 1055 station
points and 60 navigation fixes, the operation occupied a core
space of 115k and ran for a total time of 84 seconds, including
input and output.

For the purposes of comparison an additional reduction
procedure was followed for the data of the detailed survey

ared. The total field data was summed over intervals of 10km
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to produce an average value for this interval, and the average
values were used in a least-squares process to produce a
plane-~fitted regional for the whole survey area. For this
procedure, the sequence and program (MMRED - B) of A. Dobinson
(1970) were followed exactly.

Magnetic data from the Durham survey of 1967 were
digitised and processed by SPHEL; gravity data from the
same éurvey and from the survey of 1968 (Watts, 1970) were
digitised by hand.

For certain types of interpretation it was necessary to
have the data in the form of a regularly spaced array of
station points; this form is also mére efficient for input.
To obtain this form, a Fortran program written by P.J. Gunn
(personal communication), and based on the cubic spline method

of Bhattacharyya (1969), was translated into PL/1.

243 Presentation and description of survey resultis.

For the purposes of data presentation and qualitative
interpretation, a plotting program written by A.B. Watts
(1970) was used to prepare daﬁa sheets for hand contouring.
Positions with associated ga@mg,values were plotted by an
automatic graph plotter on line to the IBM 1130. Hand contoured
maps of total field (fig. 2.3)and IGRF residual anomalies
(fig. 2.4) were prepared in this way. The IGRF residual map
was produch to show the general distribution of positive and
negative anomalies, and contouring is based on plotted values
at intervals of 1lkm to 1.5km and was drawn without special

reference to the contours of the total field map. The main
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features and trends are similar on both maps. An additional
plotting program was written to convert the digital data

back into an analogue record as a function of distance (fig. 2.2).

2301 Stacked total field profiles.
| In the presentation of total field profiles (fig. 2.2),
projection onto true east-west lines or correction for non-
parailelism of ship's tracks was not attempted; thus, slight
spurious differences in wavelength are to be expected across
corresponding sections from north to south. The profiles were
stacked about 11°§©*w, the average centre point fof each line,
a correlation of even short wavelength anomalies should be
reliable in the region of this longitude. Towards the
profile ends, only large anomalies may be followed across
adjacent tracks with confidence. Finally, a loss of navigation
for part of the western end of line 4 required that digitisation
be based on long blocks‘between uncertain fixes. The affected
section has been moved a 'token' distance away from the
reliable data in the stacked profiles, but the gap was closed
for contouringe.

In fig. 2.2 correlation across profiles has been indicated
for some of the larger anomalies where this was considered
to be reliable. Upper case letters denote relative magnetic
highs, and relative lows are indicated by lower case letters.
Corresponding anomalies have been labelled by the same convention
on the contour maps.

In the following description of the magnetic field, the

stacked profiles (fig 2.2) should be consulted as they show



& waow

Fig 2.2 Stackec total magnetic field profiles.
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graphically the true amplitudes, and the tofal field contour
map (fig 2+3) shows the geographical relation of the anomalies.
Specific description of the contour maps will be made below

to emphasise anomaly trend directions.

An important feature of the detailed survey data is an
increase in the field values to the west of the area. For
convenience, this will be referred to as 'the regional high'
as it forms an apparent background field for shorter wavelength,
high amplitude anomalies such as B, b, &, A and a. / Within
this western section, the high amplitude anomalies stand in
relative isolation, while to the east, distinction of individual
anomalies is more difficult due to a greater degree of |
interference between anomalous features containing a wide
range of frequencies.

The regional high represents an increase of 500 - 600 gamma
iﬁ the total field for much of the western part of the survey
area, but there is a decrease in this amplitude towards the
south, and it may be as little as 200 - 300 gamma on lines 1
and 2. The effect is difficult’to distinguish in the south
due to the dominance of anomalies A and a. This east-west
change in magnetic field level takes place over a distance of
10km to 15km on lines 7 through 12, but south of these lines
the gradient is more gentle and the change in level takes place
over a distance of about 20kmj; here, again, the separation of
different components is uncertain. On line 6, and possibly
on all lines to the south of this, ﬁhe main gradient of the
regional high may occur further to the east; the change in

level seems to take place just to the west of low k on line 6.
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An indication of this is the presence of the steep high
amplitude low ¢ (900 - 1000 gamma) which has a relative
simplicity and dominance that is rare in the central and
eastern sections of the survey area, but is more typical of
anomalies such as a and b.

Of the high amplitude anomalies in the west of the area,
the double feature Bb, on line 9, has the greatest gamma range,
with a peak to trough difference of over 2000 gamma. The
corresponding difference for Aa is 1OQO = 1200 gamna from
line 4 on the stacked profiles, but a maximum value of about
1600 gamma is observed in a northwest - southeast direction
on the contour map (fig 2.3). Teken individually, the
amplitudes of anomalies A, a, B, b and ¥ lie in the range
800 - 1100 gamma, relative to an estimated background field
represented by the regional high. The widths of these anomalies
lie in the range 5 - 12km. Smaller field variations, such as
those forming the broad area of high G on line 8, are of relative
amplitude 300 -~ 400 gamma, and of width 3 - Lkm. It is
possible that the narrow high F continues across lines 8, 9,

10, and 11.

Over much of the central and eastern sections of the
survey area, the anomaly content is more varied with respect
to both amplitude and frequency. Amplitudes are generally
in the range 300 -~ 700 gamma and anomaly widths vary between
Zkm and Skm. Longer wavelengths become more obvious to the
north, for example at high I of width 15 - 16km, and on the
eastern edge of the survey area high H has a width of 12 - 15knm,

with a full amplitude of 900 - 1000 gamma.
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Steep gradients and moderate to high amplitudes are
found in all sections of the survey area, even for short
wavelength anomalies, and this supports the inference that

magnetic basement outcrops at the sea floor.

2e5e2 The contour maps.

The interrelation of features described above is seen
on the total field map (fig 2.3), and the IGRF residual map
(fig 2.4). The residual map is in effect a filtered map
(see beginning of section 2.3).

The onset of the regional high is marked in the east by

gradients with a N - 8 or NNE - 8SSW trend, although, in places

this is obscured by the presence of anomalies ¥, f and c.

The regional high forms a broad positive anomaly of 400 gamma
average amplitude (fig 2.4). On the extreme western margin
of the survey area, there appears to be a NE -~ SW striking
system of anomalies which aiternate between highs and lows
in the range 50900 - 51400 gamma (fig 2.3). These are all
positive on the IGRF residuai map, but may continue across
the regional high in continuity with such positive and
negative systems as ¥, f where the magnetic effect of the
broad structure is diminished. This continuity may be
represented on both maps by the area of high G which is
characterised by relatively gentle field gradients between
the two main anomaly clusters to the north and south, and

has a NE - 8W strike direction for its minor components.
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Fig 2.3 Contoured data trom the survey or 1969; tracks of mv Arran Firth indicated by dashed lines.
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To the north of anomaly G, anomalies B, b, E, £ and T
form an E - W en echelon system of positives and negatives.
Each anomaly has a closed form with elongation N - S or
NNE - SSW in ratios 2:1 to 5:1. Anomaly F is of greater
elongation but may consist of two smaller parallel anomalies
of NE -~ 8SW trend (fig 2.4). The continuation of high B
wraps round the northern end of low b, while to the south of
anomaly G, high A wraps round the southern and eastern edges
of low a, and achieve maximum amplitude when aligned in a
NE - SW direction.

Apart from low amplitude superimposed anomalies, such as
those of high G, the regional highvappear to have a magnetic
unity as a sub area, with the high amplitude anomalies in
glose association. Anomalies of the type B, b, A, a and E are
not found over the central and eastern sections of the area,
and the association with the regional high is probably geological
as well as one of location. Low ¢ and high F are located on
the eastern margin of the regional highj both are more
elongate N - 8 or NNE - SSW, and may characterise the
transitional zone between the two main levels in magnetic
field. High D is also of marked elongation in a N - 8
direction and may be association with ¢ and F, although it
lies further to the east. Between anomalies ¢ and D there is
a band of alternating highs and lows of N - 8 trend. It may
be of significance that anomalies ¢ and D approximately cover
the latitudes for which high amplitude anomalies are lacking
on the regional high.

East of high D, the area may be subdivided into a northern
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and a southern subarea about an E - W line that is approximately
on the latitude of line 6. The northern subarea is characterised
by the development of broad areas, such as high I, that are
elongated in a NE - SW direction. These features are more
evident on the residual map (fig 2.4) where they appear as |
bands of alternating positive and negative anomalies of width
10 - 15km. The widths show a tendency to decrease towards
the west and the regional high. .On.fig 2.4, anomalies F and f
appear to form part of this NE - SW system that interferes with
the rise of the field values towards the regional high. In the
southern subarea, and just to the east of the regionai high,
the NE - SW striking system of anomalies realign N - S to
include ¢ and D. Further east, however, the southern msubarea
conﬁains a number of trends and local sharp anomalies (fig 2.3).
AN - S trend is present in places, and in the southeast corner,
a number of features strike NE - SW,.

There is anothef difference between the northern and
southern subareas in the distribution (by area) of positive
and negative énomalies, with predominantly negative to the
north and positive to the south, though this may be a local
Eﬂeculiarity of the small survey area. This change in relative
distribution may occur about a NW - SE feature and not about
an E - W line. A series of magnetic 'cols' and a deep low
centred about 63°12'N, 10°30'W (fig 2.3) appear to have a
continuation to the northwest into low kj the system nmay
extend NW - SE across the whole of the survey area. On the

residual map (fig 2.4), this feature is represented by a
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locus of 'offsets' in the NE - SW system of anomalies. In the
direction of the NE - SW trend, the position of the transverse
feature is marked by the junction of anomalies of different
signe. Johnson and Tanner (1971) noted a strong NW - SE
lineament in the same area, and although the feature with the
same trend in the date/of the present survey is discontinuous,
it does appear to be persistent, with local steep gradients.
Thus on the contour map of Johnson and Tenner, which was based
on a more widely separated lines, the NW - SE trend could have
a certain dominance with respect to anomalies of greater
wavelength than the minimum thatvwas fesolved in the present
survey data. This would be the case if the feature did
represent a persistent line of offsets in NE -~ SW anomaly
system, and two anomalies of like sign were contoured as one
from the data of a survey of inadequate resolﬁtion.

The status of high H is uncertain; its most/prominent
trend of N - 8 or NNE - 8SW, which is more typical of the
high amplitude anomalies to the west of the survey area. The
ﬁfesence of NE - SW anomalies to the north and south of high H
produces a sigmoid pattern in the magnetic field at the eastern
margin of the area. A similar :pattern im present over high B,
apd the relation of the regional high to anomaly configuration
of the rest of the survey area produces a half sigmoid pattern
on a larger scale.

Reference to the available bathymetry for the area (fig 2.5)
indicates that the southern part of high H is associated with

local bathymetric ridge. The bathymetric data of RRV John Murray
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also indicate shallower water at the north end of the regional
highe. A further comparison, that of the aeromagnetic map

(fig 1.3) with the fegional bathymetry (fig 1.4), indicates

that the N - 8 trend in the magnetic anomalies is associated

with relatively shallow water on a regional scale. The
conclusion is that the general sigmoid ﬁattern of the aeromagnetic
anomalies (Avery et al., 1968) over the Iceland-Faeroes Rise

is the response of a survey, based on widely spaced flight

lines und with an inherent upward continuation, to an anomaly
configuration which, in detail, consists of a number of local

realignments on several smaller scéales.

2e3e3 Summary and discussion of trends.

The main trends observed in the data of the survey area
are as follows:
v/, a) N - 8 or NNE - 8SW; elongation of some major
anomalies and the eastern margin of the regional high, also
S5 & major bathymetric trend on the north-west flank of the
" Iceland-Faeroes Rise (fig 1.4).

b) NE - Sw; bands of alternating positive and negative
anomalies in the north-eastern section of the survey area and
of high and low positive anomaliés on the western margin,
also a miﬁor bathymetric trend (fig 2.5).

c) NW - SE; trend of the locus of apparent offsets
in the NE -~ SW anomaly system, also a minor bathymetric trend
1\ (fig/ig),;.e.,cm"»qem;‘ozafm

d) E - W3 a trend of uncertain significance which may
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affect the magnetic regional field in a N - 8 direction; also
the trend of the bathymefric scarp for much of the northern
side of the Faeroes shelf. |

The N - S anomalous trend that characterises the magnetic
anomalies over the crest of the Iceland-Faeroes Rise is also
present over the Faeroes Bank, both on the aeromagnetic map
(fig 1.3) and from thé results of a shipborne survey (Dobinson,
1970). Dobinson described two large gositive anomalies with
this trend on the east and west sides of the bank, with
amplitudes of 1000 gamma and widths 10 - 20km, and some
lesser anomalies of NE -~ SW trend. In other areas, magnetic

anomalies of this trend have been observed in the Norwegian

\//Sea and west of the South Jan Mayen Ridge (Avery et al., 1968),

? and in Iceland north of 65°N (Gudmundsson, 1966; Serson et al.,

1968). The same strike direction is associated with the eastern
branch of the Neo-volcanic Zone in northern Iceland(and with
the earthquake epicentre belt on the northern Icelandic Shelf
(Johnson and Heezen, 1967).

The NE - SW trend is that of the Raff-Mason type of
magnetic anomalies associated with spreading from the Reykjanes
Ridge (Heirtzler et al., 1966), and of magnetic anomalies in
the southern half of Iceland (Serson et al., 1968);

A strike direction NW ~ SE is the regional structural
trena of the Greenland-Iceland-Faeroes lateral ridge system,
and is also the direction of Faeroes fjord system which is
considered to parallel the fissures from which the lavas were
erupted (Rasmussen and Noe-Nygaard, 1966).

The trend of E - W or ESE - WNW has deep structural
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associationsy this is the trend direction of the components of
the Jan Mayen Fracture Zone (Johnson and Heezen, 1967), and the
postulated fractures across central (Sigurdsson, 197Q) and
southern Iceland (Ward et al., 1969). The same trend has been
noted in association with fracture zones to the south of
Iceland at 53°N (Johnson, 1967).

Thus, the trends evident in the present survey data
indicafe the presence of structural controls from most sections
of the northeast Atlantic. This variety of control is in
keeping with the status of the Iceland-Faeroes Rise as a
zone of separaéion between two ocean basins with different

histories of evolution.
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CHAPTER THREE

METHODS FOR THE INTERPRETATION OF MAGNETIC DATA.

All interpretation methods used in the present work are
based on a two-dimensional approximation; the anomalous
body is assumed to extend to infinity in both directions
perpendicular’ to the plane of the anomaly profile, with the
same cross-section that is produced when the body is cut by
this plane. The prog?ammed versions of the methods were
written for use on the NUMAC IBM 360/67.

The intensity and direction of magnetisation of an
anomalous body are composite quantities which are the vector

sums of induced and remanent componentse.

3.1 Methods developed by previous workers.

Interpretation methods for magnetic anomalies may be
divided into the categories of indirect and direct. The
indirect method derives a solution by trial and error; a
likely anomaly sourée is used as a starting point, and
successive 'manual' readjustments are made to the parameters
defining the source body until agreement between calculated
and observed anomaly curves is deemed to be satisfactory. Due
to the inherent ambiguity in the magnetic method, the model
body produced by this method is just one of a very large
number of solutions that satisfy both the anomaly and
geological feasibility.

By use of a direct method, a solution for the anomalous
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source is obtained directly from the observed anomaly. In
the present work, this category is used to include %@%erative
methods which automatically perform adjustments to the s;urce
body model. The solution obtained by use of a direct method
of interpretation is derived by prior assumption of oné or
more of the magnetisation parametérs and shape, or the limits

within which these quantities will satisfy the observed anomaly.

34701 The indirect method.

The computer program used in this method is MAGN (Bott,
1969b) which calculates the horizontal, vertical and total
field magnetic anomalies for two dimensional bodies of
polygonal cross-section. In the present work, MAGN was used
for four purposes:

a) The production of anomalies due to bodies of
relatively simple geometry for the purpose of testing programs
under development. |

b) Incorporation, in modified form, as 2 subroutine
in other programs.

c) Simulation of broad geological situations for
comparison of magnetic anomaly amplitude, gradient and phase
relations.

d) Basic interpretation of magnetic anomalies where
interfering effects due to a number of source bodies reducé
the effectiveness of automated methods.

The equivalent routine for gravity interpretation, the
program GRAVN (Bott, 1969a), was used in the first two of the

situations listed above.
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3«1.2 Non-linear optimisation, a direct method.

The development of the application of non-linear
optimisation techniques to the interpretation of magnetic
anomalies is due mainly to M. Al-Chalabi (Al-Chalabi, 1970a).
A complete explanation of the theory of optimisation routines,
together with examples of their épplication to geophysics, is
given by Al-Chalabi (1970b). The full theory will not be
presented here as the programmed versions for magnetic
interpretation were used in the original form developed by
Al-Chalabi.

Basically, non-linear optimisation applied to magnetic
interpretation proceeds to solve for parameters describing an
anomalous body by minimising the residual discrepancies between
obsefved and calculated magnetic anomaly. The criterion used
in the magnetic programs of Al-Chalabi is that the sum of
the squares of residuals should be minimised by successive
adjustments to the defining parameters. Thus, for an anomaly
profile of n station points, and where Ai and Ci are the
observed and calculated anomaly values at the ith station

point, the function f which is to be minimised is given by,

£ = iZ,I (ai - ci)?

The function f is known as the objective function. If
m variable parameters are used to describe the anomalqus body,
the objective function may be represented geometrically, in
an m-dimensional space, by constructing a Euclidean hyperspace

based on m mutually orthogonal axes. Within this hyperspace
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the objective function is completely representable by means of
contours of equal value, and its behaviour may be described
qualitatively in terms of'topographic nomenclature such as
peaks and valleys.

In magnetic interpretation, the variable parameters
describing the body are the background field, the horizontal
and vertical components of magnetisation in the plane of the
anomaly profile, and the cartesian coordinates defining a
two dimensional polygonal Sody. For the purposes of
optimisation, these parameters may be divided into adjustable
and non-adjustable types. The non-adjustable parameters are
those specified at known values and are held constant throughout
the optimisation process. Adjustable parameters are the
unknowns which require solution, and form the m variable
parameters which dimension the hyperspace of the objective
function. The programs of Al-Chalabi are capable of dealing
with a system consisting entirely of adjustable parameters.

At prograﬁ’inﬁ;£, the adjustable'parameters are specified by

a likely starting point value and upper and lower numerical
bounds which define the range of adjustment by qptimisation.
Two of the programs were used in the present work: one derives
a geometric solution based on just one pair of horizdntal and

vertical magnetisation components (MAGOP); the second program

(MULTIJ) has the additional scope of solving for a source body

with a distinct pair of magnetisation components associated
with each side of the polygon. The distribution of sides
with magnetisation components in common may be specified by

the user of MULTIJ.
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Al-Chalabi (1970b) has shown that the ambiguity that is
inherent in all practical interpretations of potential field
data (including magnetics) may be represented graphically by
contoured cross-sections in the hyperspace of the objective
function. The minimum of the objective function is located,
on the contour plot, in an elongate *'valley' within which
‘subsidiary minima are present. | The subsidiary minima are
associated with alternative model solutions which are
acceptablé within the limits of resolution of the interpretation,
Limits of resolution are imposed by an incomplete knowledge of
the length of the anomaly, the representation of a continuous
anomaly by a sequence of digitised points, containing
ohservational errors in measurement and values of finite
numerical precision, and by the representation of an apomalous
source by a relatively simple model. Fach subsidiary minimum
in the hyperspace corresponds to an acceptable solution in
terms of the emphasis of some part of the more detailed
structure on the simplified model used to represent a geological
situation.

3.1.3 The linear inverse method, a direct method.

This method solves for a lateral distribution of anomalous
magnetisation or density, within a layer of specified shape,

to satisfy a given magnetic or gravity anomaly profile. The

specification of shape and the configuration and number of

components of the distribution makes the solution unambiguous.

The distribution is obtained as a sequence of discrete values

by solution of a set of simultaneous equations containing the

digitised anomaly values, the unknown anomalous property
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. variable parameters and a coefficient set. The theory of the

linear inverse method has been presented several times previously

(Bott, 1967; Tanner, 1967; Emilia and Bodvarsson, 1969; Bott
.and Hutton, 1970b; Hutton, 1970), but the basic equations will
" be repeated here as they form the basis for further development

xof the method.

For two-dimensional interpretation, the theory followed is
that of Bott (1967). The two dimensions are defined by
cartesian coordinates in the xz~plane, where the x-axis is

horizontal and z-axis is vertical and positive downwards. A

- magnetic anomaly A(x,0), measured along the x-axis, is considered

to be caused by a two-dimensional distribution of magnetisation

in the positive half-space z > 0, with its strike direction

perpendicular to the x-axis, and with a constant specified
direction of magnetisation (fig 3+1)e The direction of

magnetisation is given by E(CO€/£ , si%/t ), and that of the

measured component of the anomaly by s(cos ¢ , sincg ), both of

which are assumed to lie in the xgz-plane. The distribution of
magnetisation may be represented by a closed body or a system

of closed bodies whose surfaces are cut twice or not al all by

any vertical line. _; is the x-coordinate of a point on or

in the system of bodies, of which the upper and lower surfaces
éfe at depths z = %é( % ) and z = ng(g ) respectively. The
intensity of magnetisation J( g ) is assumed to be a function
of g alone within the bodies and zero without.

The magnetic anomaly is then given by the convoiution

integral,
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A(X, O) =ﬁzJ(% )K(n.‘,nng’(x-g )) d? (1)

where 3 =/M-+d , and K is the kernel function of the magnetic
relation. .

If the directions of magnetisation and measured anomaly
component do not lie in the xz-plane a transformation may be
used to bring them into the plahe. In thevform of Bott

(1969¢), the transformation is given by,
//A = arctan(tan Im/cos am)
o = arctan(tanxle/cos ae)

where Im and Ie are the inclinations of magnetisation and the
measured anomaly component respectively, and am and ae are
their respective a;imﬁfhs as measured from the x-axis. If
Jd is the‘body magnetisation in the direction defiﬁed by Im
and am, a fictitious intensity of magnétisation JV in the
directibn m may be definea by, | |

g = ,g{ (sin21m+c052

Im cosaam)%. (sinIe+cos’Ie coxszae)v2
The magnetic anomaly in the direction defined by (Ie, ae)
caused by magnetisation g(;m, am) is then identical to the
ﬁagnetic anomaly componenf in the direction s caused by
magnetisation J1 in a direction m. |

In equation (1), J( g ) stands outside the kermel function

and is in linear relationship to the magnetic anomaly provided
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that J( g ) is a function of g only,

The anomaly A(x,0) may be replaced by a sequence of n
digitised station points of value Ai(i = 1,2ye0000.,2), and
the source distribution can be approximated by a layer of m
finite two-dimensional block elements, within each of which
the intensity of magnetisation is assumed to be a constant
Jj(j = 1,2yeee9m).  Thus the integral of equation (1) may
be approximated by the following summation (Bott, 1967;

Tanner, 1967),

m
Ai =Z Kiij (i = 100...-0-.11) (2)
3=1 '

where Kij is a kernel coefficient and is the contribution

to the ith anomaly value by the jth block element for unit

of specified intensity of magnetisafion. The relationship
is one between anomalous quantities and assumes the prior
removal of a background field. Equation (2) represents a
system of n linear equations which'may be solved for the m
values of J provided that npm. Direct solution is possible
if n = m, and a solution is obtainable by least-squares, for
the overdetermined case where n ) m.

In matrix notation, equation (2) may be written as

I=
]
=
o

< (3)

where K is the n x m kernel matrix and A and J are column
vectors of length n and m respectively. The solution for

J in the overdetermined case is
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J = (xTr)~ kT ()

(Bott, 19673 Tanner, 1967)

where KT denotes the transpose of K.

Application of programmed versions of this method to the
interpretation of magnetic anomalies has been quite extensive
(Bott, 1967; Emilia and Bodvarrson, 1969; Bott and Hutton,
1970b; Hutton, 1970), and its limitations with respect to
resolution and data quality have been discussed (Bott and
Hutton, 1970aj; Hutton, 1970). In its most versatile form,
the method has been programmed to deal with a magnetic layer
composed of elements of polygonal cross-section (Hutton, 1970).
The programs of Hutton, and the developments of the linear
inverse method, described below, perform the least squares
operation by a call to subroutine LLSQ (IBM, 1968).

The linear inverse technique is a direct method of
interpretation as it produces a solution, in terms of a lateral
distribution of intensities of magnetisation, éirectly from:
the observed anomaly. This solution is unigue for a given
anomaly and a specified block element configuration within
the magnetic layer.

For interpretation of data from the survey of 1969, which
lacked reflection seismic and detailed bathymetric control,
and data from the survey of 1967, for which seismic reflection::
control was 1acking, a simple magnetic layer of rectangular
block elements was used with constant depths to parallel
upper and lower surfaces. Deviations of this simple equivalent

layer from the real geological situation are to be expected



distribution of magnetisation within a layer bounded

by upper and lower surfaces at 04,3 0km
emu.cm-3
06,30km

erpretation o a test magnetic anomaly protile
¢ of the linear inverse method.
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as additional spurious magnetisations in the solutions. The
affect on the solution of an inadequately representative, or
inaccurately positioned equivélent layer is shown in fig 3.2.
The response of the method to placing either or both of the
upper and lower surfaces of the layer at too great a depth,
with respect to the configuration of the true source, is to
cause instability by emphasis of short wavelengths in the
solution. The opposite case, of surfaces not being deep
enough, causes a response to suppress the sho;t wavelengths

as a smoothing of the solution.

3.2 The development of methods for the joint analysis of

gravity and magnetic anomalies by the linear inverse

technique.

In this secfion, the theory and development is presented
of an expension to‘the linear inverse method to perform
transformations from gravity to magnetic anomalies (and vice
versa), to solve for the ratio of anomalous properties
(magnetisation/density), and to determine the angle of
magnetisation of a source body. The anomaly transformations
are also used in the study of magnetic anomalies to separate
those due to body geometry from those due to variations in
magnetisation alone.

Equation (1)4shows that the magnetic anomaly is produced
by convolution of the magnetisation and a kernel function,
which itself is a function of source shape and location.

Similarly, the gravity anomaly is produced by convolution of
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density and a term which is a function of shape and location.

Thus, if a body causes a gravity and almagnetic anomaly, a

joint analysis of both anomaly types may be performed to

eliminate the unknown shape term (Garland, 1951), and to derive

the relation between anomalous properties, density and magnetisation.
In analytical terms, the gravity and magnetic anomalies may be
compared without ﬁonsideration of the source body shape if the
gravity anomaly is differentiated with respect to the space

coordinates (Lundbak, 1956).

3.2 The Poisson formula and its apblication.
A formula due fé Poisson relates the gravitational and

magnetic potentials of a source body:
V = (gp)d-T0 (5)

where V is the magnetic potential, U is the gfavitational
potential, J and p are the body magnetisation vector and
density, G is the gravitational constant and V the Laplacian
differenﬁial operator, A simple formula obtained from eéuation
(5) relates the vertical magnetic anomaly component 7 to the
gravity anomaly g. Differentiating both sides of equation (5)

with respect to z:

7 = (gp)d - X(g)

where g = %%

For a two-dimensional coordinate system as defined for equation
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1, where/M is the angle of magnetisation and J = Ii, ’

7 = (é%)(%f co€/(+ %S Si?/{) (6)

Equation (6) was used by Garland (1951) to determine the
ratio J/p in an area from which both gravity and magnetic
data had been obtained. This ratio was then used as a parameter
diagnostic of the concealed rock type. Using a three-~dimensional
form of equation (6), Lundbak (1956) calculated values of
J/p and angles of maghetisation. A mofe general form of the
equation which relates the magnetic anomaly component A,
measured in the direction s, to the derivatives of the gravity

anomaly, for a two-dimensional systenm is,

4 = (g (E8 sin B - Eeos B) 7
(Bott, 1969¢c)

where B f/A+o‘ s and has been defined above (equation (1)).

The theory of pseudo-gravity anomalies was developed by
Baranov (1957) from equation (5). The §seudo—gravity anomaly
was calculated from the total field anomaly using a conventional
density of p=J/G. It is the real gravity anomaly for a
particular body if this conventional relation between density
and magnetisation exists in the real situation, but whatever
the é%%éJrelation between J and p, the pseudo-gravity anomaly
behaves as a real gravity anomaly in that the anomaly peaks are
located more easily, and may be interpreted by the simpler

methods of gravity interpretation.
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The original method of Baranov was developed for a three-
dimensional anomaly sygtem for which the source body
magnetisation.was assumed to be in the direction of the earth's
field. An extension of the method for two-dimensional bodies
by Bott et al., (1966) does not require this assumption. Bott
et al., (1966) present also a method for estimating the
direction of magnetisation, based on the use of the pseudo-
gravity anomaly, with assumptions that direction of magnetisation
is the dame at every point in the body and that intensity of
magnetisation has the same sign throughout the body. From the
second assumption it follows that the computed'pSeudo~gravity
anomaly at every point above the body must have the samée sign.
Estimates of ranges of possible directions of magnetisation
were made by Bott et al. to satisfy this condition.

Recent applications of the Poisson formula and its
derivative forms of equation (6) have been made from two maih
approaches. Qilson (1970) used a least-squares technique
to derive the parameters (Jx/p), (Jz/p) and a from the systenm

of n linear equations

z24 = a + (Jx/p) (dg/dx)y + (Jz/p) (dg/dz);
‘ (i = 1-- .........n)
Where Jx and Jz are the horizontal and vertical componénts
of magnetisation J. Kanasewich and Agarwal (1970) performed
calculations for J/p in the wavenumber domain, by use of a

theoretical vertical magnetic anomaly calculated from equation
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(6) and a transformation of the observed total field magnetic
anomaly to the magnetic pole (Baranov, 1957). Individual
values of J/p associated with selected wavenumbers or bands
of wavenumbers, were computed directly from the corresponding
sections of the amplitude spectra of the transformed and
theoretical vertical magnetic anomalies. Acceptability of
the ratio values was based on the value of a coherence
coefficient, calculated as a function of the auto- and cross-
power spectra of the vertical anomalies for the selected
wavenumber bands. The method was used by Kanasewich and
Argarwal with the assumption that high coherence did indicate
a common source from the transformed magnetic anomaly and the

theoretical magnetic anomaly calculated from gravity data.

34262 Development of the linear inverse method to perform

Poisson type analyses.

An advantage of using an analysis of the Poisson type is
that information on the source of a gravity and magnetic
anomaly, such as the ratio J/p, may be obtained without
assumptions concerning the shape of fhe source body. All the
necessary information is contained in the waveforms of the
two anomalies. Therefore, any distribution of density and
magnetisation that satisfies the two observed anomalies must
also permit the determination of the true ratio of anomalous
properties. The inherent ambiguity of potential field
interpretation implies that the effect of an anomalous body

may be represented by a distribution of density of magnetisation
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within an equivalent layer (Skeels, 1947; Peters, 1949; Bott,
19673 Tanner, 1967; Dampney, {969).7 This equivélent source
may be a layer of finite thickness or it may be a horizontal
plane on which the distribution of the anomalous property is
in the form of a variable coating of density or magnetisation
per unit area. Moreover, for a given anomaly and a specified
equivalent layer, and, in the case of magnetic interpretation,
a specified direction of magnetisation, the distribution of

the anomalous property is unique (Roy, 1962). The uniqueness
for a specified layer is essential to the numerical approximation
of the linear inverse method, as used by Bott (1967) to derive
distributioaéof magnetisation that satisfy observed marine
magnetic an;malies. When used in this way, the equivalent
layer is also assumed to approximate the true source body
shape and position so that the intensities of magnetisation

in the solution are of the correct order of magnitude. In the
extension of the linear inverse method to perform Poisson type
analyées, the equivalent layer of finite block elements has
only to satisfy the gravity and magnetic anomalies in terms

of an adequate distribution of density and megnetisation which
is unique for the specified layer. Adequacy of the distributi;n,
for a given horizontal extent of the true body, depends on

the relative thickness of the equivalent layer to that of the
true body. Complete representation of an anomalous body, of
finite thickness, by a coating of density or magnetisation on

an equivalent plane requires that the plane be of infinite

extent. In the practical case, of a thin equivalent layer of-
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block elements, the requirement is that the blocks are extended
beyond the horizontal limits of the true body to a distance

that depends on their thickness relative to that of the body.

3e2+2¢1 The transformation of anomalies.

A simple extension of the linear inverse method enables a
transformation to be made, in either direction, between gravity
and magnetic anomalies. For a transformation from the magnetic
to the gravity anomaly, an equivalent layer is used to represent
a body in which the ratio J/p is assumed td remain constant,
and for which a direction of magnetisation is specified. The
distribution of intensities of magnetisation within the

equivalent layer is given by equation (4) for the overdetermined

case,

J= (k) xTa ()
The method now calculates the gravity anomaly which would be
caused by the same body for a density p, where p = fJ, and £ is
a constant. For each block element of the equivalent layer,
the relation is

pj = ij (j = 10.--onoom)

or for the whole layer

P = f_q_ (8)

Equation (8) holds if the equivalent layer is an adequate
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representation of the ebserved anomaly source.

If C denotes the kernel matrix for the gravity anohaly 10

then
g=0Cp (9)

By substituting the right hand side of (4) in (8) and then
(8) in (9), the transformation from the totai field magnetic

anomaly to the gravity anomaly becomes
g = c£(xx)~1 kTa (10)

Similarly, the transformation from gravity to the magnetic

anomaly is given by
A = kn(cte )T ¢T g (11)

where h is a constant and, if equation (11) is used on the
gravity anomaly caused by the same body as that represented
in equation (8), it is the reciprocal of f.

In equation (8), the constant f can take any value in the
range -00o { £ +o0 3 it implies one or more coincident
sources for gravity and magnetic anomalies with a constant
ratio p/J.

The method is useful for computing one anomaly, gravity
or magnetic, from the other by use of a conventional value
£f=h=1, and comparing the anomaly produced by transformation

with the observed anomaly of the same type. The hypothesis
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of coincident sources for the two observed anomalies may be
accepted or rejected on the basis of this comparison. The
actual comparison may be made after scaling the anomaly
produced by transformation, the pseudo-anomaly, by multiplying
the whole profile by the ratio of maximum amplitudes}@bsérved

anomaly/pseudo-anomaly. l\

3.2.2.2 The direct calculation of the ratio p/J or J/p.

A more general situation than that represented by equation
(8) is that of an anomaly source consisting of a lateral
distribution of m elements within each of which density and
intensity of magnetisation are assumed uniform but which may
differ for successive elements. Thus, for each element there
is an individual constant of proportionality £j such that the

density and intensity of magnetisation for each element are

‘related by

pi = £3J3 (3 = 1eeereom) (12)

If the direction of magnetisation is the same for all the
elements, and is specified,‘the individual values of f£j (pj/Jj)
may be calculated.

The solution for the individual values £J is obtained as
follows, starting from the solution of a distribution of

intensity of magnetisation.
J = " kT a (&)

A new kernel matrix Cs is now formed from the gravity
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kernel C and the individual components of J in the following

way,
Cf(i’j) = C(i,j)Jj

Thus Cf(i,jO is the contribution to the gravity anomaly
at the ith station point due to the jth block element for a
conventional ratio value of pj/Jj = 1, and with the assumption
that density and magnetisation within each block are constant

values. A matrix equation may now be written to represent the

case when p/j = 1,
g=Cfz

where g is a column vector of length n, f is a column vector
of length m and C? is an nxm matrix. The solution for £ in
the overdetermined case is given by

T -1 T
£ = (Cf Cf) Cf‘g (13)

Thus the individual values of p/J are determined directly from
the gravity anomaly. For completeness, there is a similar

equation for the derivation of the reciprocal ratio values,

= (g k)T K A (14)

where the ith, and jth element of matrix K, is the contribution

h
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to the magnetic anomaly at the ith station point by the jth
block for a conventional ratio value of Jj/pj = 1.

This is just one way of deriving the individual ratio
values associated with each block element. Another method
Qould solve for the distributions of density and magnetisation
independently, and directly from the observed anomalies, and
then divide one of the distributions by the other, block by
block, so that the numerator and denominator are of the same
subscript (j = 1eeeeecee.m)s There is little to choose between
the two methods as both require the two types of observed
anomaly, and both require two calls to the least-squares
routine. For programmed versions, the method represented by
equation (13) and (14) has a slight advantage in that only
one array of length m is required in storage, as the same
array can be used to store magnetisation or density and the
ratio values successively.

Interpretation using this technique is aided by a knowledge
of the distribution of one of the anomalous properties, density
or magnetisation, and the programmed version includes an
intermediate print-&ut of the first stage solution for one

of these distributions, as represented by equation (4).

Ze2e2e¢5 (Calculation of the angle of magnetisation.

If it is assumed that the observed gravity and magnetic
anomalies are caused by a common source, homogeneous with
respect to J/p, or a number of common sources with identical

values of the ratio J/p, and that the direction of magnetisation
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is everywhere constant, the angle of magnetisation can be
determined.

The method makes use of an expression for the magnetic
effect due to a two-~dimensional vertical dyke with a slggiﬁg
upper surface and of infinite extent downwards. This expression,
which is due to Bott (personal communication), is used in the

calculation of the kernel matrix elements. This expression

for a dyke with a horizontal upper surface is of the form
P o= r(r1, r2) sin B - qgﬁ) cos B (15)

where ¥ is the total field magnetic anomaly, B is the composite
angle defined for equation (1), and ry T, are defined as shown
in fig 3.1, To calculate the effect of a block element of
finite thickness, the separate effect due to a vertical dyke

of infinite extent downwards, with its upper surface at the
depth of the lower surface of the block, is subtracted from
that due to a similar dyke, with upper surfade at fhe depth

of the finite block upper surface. Thus the element of the
kernel matrix K corresponding to the ith station point and

the jth block is given by
and the elements of the matrices R and Q are the difference

in magnetic effect between the two dyke bodies described above.

To solve for the angle B the procedure starts from the
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observed gravity anomaly, and is as follows:

g£=2Cp

for which the solution in the overdetermined case is,

T -
p=ct ol g (12)
The individual elements of matrices R ahd Q are how
multiplied by the solutions of equation (17) and the new
values are summed over all values of j to produce an (n x 2)
matrix KB' The complete process to derive the elements of
KBris given by,
m
Kg (3a1) = 2. R(1,3)p(}) (18)
3=1
m
Ky (1,2) = 24 Q(1,3)p()) (19)

3=1

(i = Teeessseseaonl)

Thus, the magnetic anomaly at the ith station point is

given by,

A(1) = Kg(i,1)h sin B # Kg(i,2)h cos B (20)
7 PO

¢

where h is a constant value of the true ratio J/p. The matrix

equation is

A = Kpb (21)
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where A is a column vector of length n, and b is a column

vector of length 2. The solution for the overdetermined

case is given by

b= (KK) KA (22)
and the angle B is calculated from the two elements of b as,
B = arctan (b(1)/b(2)) = arctan (h sin B/h cos B) (23)

which also eliminates h. The angle 0 of the measured anomaly
component is known in the relatioq B = /M +0 , and hence the
angle of magnetisation‘/u is obtained.

The value of h, the ratio J/p, is obtained from
h = (b(‘l)2 + b(Z)Z)% = (hasin2B4-hzcoszB)% (24)

A further extension to this method would enable an
individual value for angle B to be calculated for each block
element of the equivalent layer. In thiéwéase the kernel
matrix corresponding to KB in equation (21) would be of dimension
(n x 2m) and the vector b would be of length 2m, with a condition .
for solution of n >2m that imposes severe practical limitations
on the method. A dense cover of precisely determined anomaly
values is required unless the equivalent layer is divided into
relatively few block elements of large width, this would usually

render the distribution of density and magnetisation inadequate to
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represent the anomalies, or unless the block elements are
grouped into units each with a common magnetisation direction.
For the case of an individual magnetisation angle associated
with each of a moderate number of block elements, the
resolution of the least-squares method is severely tested, as
additional digital sampling of the anomaly, to satisfy the
condition for solution, is effected without an improvement in
error control. In addition, the condition of the kernel matrix
increases as the number of columns (Anderssen, 1969), and
consequently the accuracy to which the elements of the solution
vector can be determined, decreases.

This additional extension was programmed, but meaningful
distributions of magnetisation angle were obtained only when
ideallised test anomalies were used, and when the equivalent
layer approximated the shape of the 'true' body very closely.
Thus, the application of the linear inverse method to calculate
an individual magnetisation angle for each block element is

not justified in practical situations.

be2e3 The programmed versions of the methods and’their

application to test models.

The developments of the linear inverse method were
programmed in the language of PL1 for use on the NUMAC IBM 360/67
computer. Programs with input specifications are described in.\
the appendix. For the interpretation of data associated with
this thesis, the joint gravity/magnetics analysis programs were
used mainly on the long profiles from the survey of RRV John

Murray in 1967, and the solutions were interpreted in a
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semi-qualitative manner. For this type of use, simplified
gravity and magnetic kernel functions are adeéuate to define
an equivalent layer composed of two-~dimensional rectangulat
block elements of constant width and thickness. The use of
a simple equivalent layer makes available additional computer
core space which enables long anomaly profiles to be processed
as a single unit. Calculation of the kernel matrix elements
involves several stages that are common to both gravity and
magnetics, but core space was saved at the expense of time,
and the kernels were computed sequentially. For calculation
of the gravity kernel a version of GRAVN (section 3.1.1) was
used in the modified form of G.J. Laving (1971); calculation
of the magnetics kernel was based on equation (17), but one
program, GJ/RAT, includes a kernel calculation based on a

modified version of MAGN (section 3.1.1).

3.2.3.1 Basic transform programs, TR/GM and TR/MG.

The two transformation programs are TR/GM (gravity to
magnetics) and TR/MG (magnetics to gravity), and listings of
these are contained in appendices B and C. The prograns
perform the following operations:

a) Complete input: observed anomaly; inclination
and azimuth angles of the earth's field and body magnetisation
vectors; equivalent layer configuration.

b) Transformation of magnetic angles into the plane
of the anomaly profile.

c) Calculation of the kernel elements appropriate to

the anomaly type of the observed anomaly.
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a) Calculation of the distribution of anomalous
property, density or magnetisation, within the equivalent
layer to satisfy the observed anomaly.

e) Calculation of the kernel elements appropriate to
an anomaly of the other type.

£) Calculation of an anomaly of the other type for
a conventional value of J/p = 1.

Tests on the transform programs used the gravity and
magnetic anomalies caused by the simple body shown in fig 3.
Tables 3.1 and 3.2 contain the results of the transformations
for an equivalent layer at the same depth and thickness as the
true bodys .tables 3.3 and 3.4 contain the results of
transformations using a thin equivalent layer (O.1km) at the
depth of the true body. The calculated anomalies have been
scaled by multiplying by the true ratio J/p or p/J. Residual
anomalies (observed magnetic minus pseudo-magnetic) for the
transformation gravity to magnetics are also plotted in fig 3.3.

A difference in style of residuals between the two
directions of transformation is to be anticipated from a
consideration of the process represented By the two-~kernel

operation in the programs. It is evident from equation (7)

A= (J/Gp) (%ﬁ sin B - %% cos B) (7)

that the transformation gravity to magnetics is a
differential operation, and as with derivative filters, short
wavelength 'error' components are amplified (table 3.4; fig 3.3).

The source of errors responsible for the oscillations is
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probably limited definition of the gravity anomaly and 1imited‘
numerical precision of the values at low amplitudes away from

the main peak. Other contributory factors are the approximation
to a continuous density distribution by a sequence of discrete
values for the blocks, and the presence of a small step to the
end point anomaly values, due to the finite length of the profile.

The transformation magnetics to gravity is an integration
operation, and the small almost constant residual (table 3.3)
is due to the finite length of the integration process; in
terms of the present method, it is due to the finite length
of the anomaly profile and restriction of the horizontal
extent of the equivalent layer to the same length.

The method can be used to discriminate between source
bodies which differ in the value of the ratio J/p. Tig 3.k
shows the results of transform operations on the gravity and
magnetic anomalies caused by two discrete bodies. The two
transformations are unscaled, but both components are resolved
for the correct values of J/p to be determined from the ratios
of the peak values observed/calculated. This method of
determining J/p from the peak values of the observed anomaly is
analogous to that of Kanasewich and Agarwal (1970), except
that these authors compared amplitudes from selected sections

of the spectra of the observed and calculated anomalies.



A Observed anomaly curves caused by shaded body.

B: Magnetisation and density distributions within

a thin equivalent layer.
C: Residuals, observed minus scaled pseudo -~ magnhetic

anomaly, for the gravity to magnetics transformation

using a thin equivalent layer.
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TABLE 2.1 TRANSFORMATION MAGNETICS TO GRAVITY, FULL DEPTH LAYER.

Distance Observed (Mgal) Calculated * 40.0 Residuals
845 0430 0.30 0.00
9.0 0.31 0.31 ~ 0.00
9.5 0.33 0.33 0.00

10,0 0.35 0.35 0.00
1045 0.37 0.37 0.00
11.0 0.39 0.39 0.00
1145 0.k42 0.42 0.00
12.0 045 0.kl + 0401
12.5 0.48 0.48 0.00
1340 0.51 0.51 0.00
1345 0.55 0.55 0.00
14,0 0.59 0.59 0.00
.5 0.63 0.64 - 0.01
15.0 0.69 0.69 0.00
1545 0.75 0.7k + 0.01
16.0 0.81 0.81 0.00 /
16.5 0.89 0.89 0.00 -
17.0 0.98 0.98 o.oo(\
17.5 1.08 1.08 0.00
18.0 1.19 1419 0.00
18.5 1.33 1433 0.00
19.0 1.49 149 0.00
19.5 1.68 1.68 0.00
20.0 1.92 1092 0.00
20.5 2.20 2420 0.00
21.0 2.55 2.55 0.00
21.5 2.99 2499 0.00

2240 5455 3.5h4 + 0401
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TABLE 2.1

Distance

22.5
2340
2345
2k,0
2k.5
25.0
25.5
2640
26.5
27.0
2745
28.0
28.5
29.0
29.5
30.0
3045
31.0
315
32.0
3245
3340
3345
3440
34.5
35.0
3545
36.0
3645

—'\768 -

continued
Observed (Mgal) Calculated * 40.0
L.26 4,26
5420 - 5.20
645 6.0k
8.10 8.10
10.23 10.22
12.73 12473
15418 15.18
1712 1712
18.45 18.44
19.20 19.20
19.44 1944
19.20 19.20
18.45 18 oLk
17.12 17.12
15.18 15.18
1274 12473
10.23 10.22
8.10 8.10
6.45 6oLl
5.20 5.20
h.26 L.26
5455 3454
2499 2499
2455 2¢55
2420 2.20
1.92 1.92
1.68 1.68
1.49 1.49
1.33 1433

Residuals
0.00
0.00

+ 0,01
0.00

+ 0.01
0,00
0.00
0.00

+ 0401
0.00
0.00
0.00

+ 0.01
0.00
0.00

+ 0.01

+ 0.01

0.00

+ 0.01

0.00
0.00
+ 0.01
0.00
0.00
0.00
0.00
0.00
0.00

0.00
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TABLE 3.2 continued
bistance Observed (gamma) Calculated/40.0
36450 -248.5 ~250.1
37.00 -222.6 -220.9
37450 ~200.4 -197.7
38.00 -181.2 -181.3
38,50 -164,6 ~166.0
39.00 -150.2 -149.7
39.50 -13745 -136.5
40.00 ~12643 -127 4
40.50 -116.4 -118.5
41,00 -1076 -108.2
41,50 - 99.8 - 99.0
42,00 - 92.8 - Q2.2
k2,50 - 86.5 - 8641
43,00 - 80.8 - 80.5
43450 ~ 7546 - 7646
4k .00 - 709 - 742
Lk, 50 - 66.7 - 69.3
45,00 - 62,8 - 62.7
45,50 - 59.2 - 61.7
46,00 - 55.9 - 65.0
46 .50 - 52.9 -~ 57.4

Residuals

+1.6
=1.7
2.7
+0.1
+1+5
-0¢5
-1.0
+11
+241
+0.6
-0.8
-0.6

-0.4
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TABLE 5.1 continued

Distancév Observed (Mgal) Calculated * 40.0 Residuals
37.0 1.19 1.19 0,00
3745 1.08 1.08 0,00
38.0 0.98 0.98 0.00
38.5 0.89 0.89 0.00
39.0 0.81 0.81 0.00
39.5 0475 ' 0.7k + 0,01
40,0 0.69 0.69 0,00
L0.5 0.63 0.64 - 0,01
k1.0 0.59 0.59 0.00
k1.5 055 0.55 0.00
42,0 0451 0.51 0.00
k2.5 0.48 0.48 0.00
43,0 0.45 0. hb + 0,01
43,5 0.2 O.k2 0.00
k4,0 0439 0.39 0.00
Lk, 5 0.37 0.37 0,00
45,0 0435 T 0435 0.00
k5.5 0.33 0.33 0.00
46,0 0431 0.31 0.00

46,5 0.30 0.30 0.00
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TABLE 3.2 TRANSFORMATICN GRAVITY TO MAGNETICS, FULL DEPTH LAYER.

Distance

8.50
9.00
9450
10.00
10.50
11.00
11.50
12.00
12450
13400
13450
14,00
14,50
15400
15450
16.00
16.50
17 .00
17.50
18.00
18.50
19.00
19.50
20.00
20.50
21.00
21450

22.00

Observed (gamma) Calculated/40.0
-41.2 b2
-b3,2 -43.7
~45.4 ~46.3
47,7 -48.5
=50.3 -50.8
~5340 -53.2
=55.9 =555
-59.1 =57+9
-62.5 -61.1
~66.3 -65.6
~70.4 ~71.0
-74.8 ~76.5
~79.6 ~80.6
~84.9 -83.9
~90.6 -89.4
-96.9 =975

~103.7 -104.3
| ~11141 -109.3
-119.2 -117.3
~127.9 -129.3
-137.1 -140.0
-146.8 ~ 1474
~156.6 =155.9
~165.9 - 16644
-173.8 17445
-178.4 =177.1
~176.2 =174 ,7
-161.2 -162.1

Regiduals

~1.0
+0e5
+0.9
+048
+0e5
+0.2
-0k
~1e2
=1k
=047
+0.6
+1e7

+1.0Q

-1e2
+046
+0.6
-1.8
-1.9
+1.4
+2+9
+0e6
~0.7
40.5
+0.7
143
~1e5

+0.9
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TABLE 3.2 continued

Distance Observed (gamma)
22.50 ~122.5
23,00 - 40.1
23450 1214
24,00 L20.8
24,50 923.1
25.00 155846
25.50 199747
26.00 2105.2
26,50 | 2029.2
27.00 188641
27.50 171646
28,00 15174
28450 1259.9
29.00 88144
29.50 31547
30400 ~37043
30.50 -850 4
31.00 ~992.9
31450 -950.6
32400 ~847.2
3250 =735.2
33400 -632.9
33450 -5kl 9
34,00 ~470.9
34450 -409.3
35400 -358.0
3550 ~-315.1
36.00 ~279.0

Calculated/40.0

-124.6
- 40.7

123.2

L23.7

92441
155567
1994 .6
2105.8
20314
188548
171542
1518.7
126045
87949
3145
~367.8
=846,.5
-992.2
=952.9
-849.6
=736.0
~631.9
-543.8
-471.5
~410 .4
-358.0
=315+3
-281.7

Regiduals

+2;1
+O.6
-1.8
-2+9
=-1.0
+249
+5e1
-0.6
=242
+0e3
+1 b
=0.3
-0.6
+145
+1.2
~245
=349
-0.7
+2e3
+2.k
+0.8
=1.0
=1e¢1
+0.6
‘#e1
0.0
+0.2

+207
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Distance

8.5

9.0

9.5
10.0
10.5
11.0
1145
12.0
1245
1340
1345
14.0
14.5
1540
1545
16.0
1645
17.0
1745
18.0
18.5
19.0
19.5
20,0
20.5
21.0
21.5

2240

Observed (Mgal)

Calculated x 40.0

0.30
0.31
0.33
0.35
0.37
0.39
0.k2
0.45
0.48
0.51
0.55
0.59
0.63
0.69
0.75
0.81
0.89
0.98

0.20

&8, THIN LAYER.

Residuals

0.10
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TABLE é.é continued

Distance
2245
2340
235
2k.0
2h.5
25.0
25.5
26.0
26.5
2740
275
28.0
28.5
29.0
295
30.0
30.5
31.0
3145
3240
3245
33.0
3345
34,0
3h.5
3540
355
3640

Observed (Mgal)

k.26
5420
6.45
8.10
10,23
12.73
15.18
17.12
18.45
19.20
19.44
19.20
18.45
17.12
15418
12.74
10.23
8.10
6.45
5.20
he26
3455
2.99
2.55
2420
1492
1.68
1.49

Calculated x 40.0

4,20
513
6.38
8.0k
10,16
12.67
15.12
17.05
18.38
19414
19.38
19.14
18.38
17.05
15.12
12.67
10.16
8.0k
6.38
5¢1k
4.20
3.48
2.92
2.49
214
1.86
1.62
1.43

Residuals

0.06
0.07
0.07
0.06
0.07
0.0é
0.06
0.07
0.07
0.06
0.0é

0.06
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TABLE 3,3 continued

Distance Observed (Mgal) Calculated x 40.0 Residuals
36.5 1¢33 1.27 0.06
3740 1.19 113 0.06
37.5 1.08 1.01 0.07
38.0 0.98 0.91 0407
38.5 0.89 0.82 0.07
39.0 0.81 0.75 0.06
39.5 0.75 0.68 0.07
40.0 : 0.69 0.62 0.07
40.5 0.63 0.57 0.06
41.0 0.59 0.52 0.07
k1.5 0.55 0.48 0.07
42.0 0.51 O.lh 0.07
k2.5 0.48 0.41 0.07
43.0 0.45 0.38 0.07
43,5 0.42 0.35 0.07
Ll ,0 0.39 0.32 0,07
hi,5 0437 0430 0.07
45,0 0435 0.28 0,07
45.5 0.33 0.26 0.07
46,0 0.31 0.24 0.07

46.5 0.30 0.22 0.08
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TABLE 3.4 TRANSFORMATION GRAVITY TO MAGNETICS, THIN LAYER.

Distance QObserved (gamma) Calculated/40.0 Residuals
8.5 - 1,2 . 23.0 -18.2
9.0 - k3.2 | - 351 - 8.1
9.5 - 45,4 - 44,5 - 0.9

10.0 - 47,7 - 45.9 - 1.8
10.5 - 50.3 - 47.1 - 3.2
11.0 - 53.0 \ - 50.9 - 2.1
11.5 - 55.9 - Sh.b - 145
12.0 - 59.1 - 56.4 - 2.7
12.5 - 62.5 - 59.5 - 3.0
13.0 - 66.3 - 6h.h - 1.9
1%.5 - 70,4 - 70.0 - 0.4
14.0 - 74.8 » - 75.5 + 047
14.5 - 79.6 ‘ - 79.9 + 0.3
15.0 -~ 84.9 - 83.0 - 1.9
15.5 - 90.6 - 8845 =241
16.0 | - 96.9 - 96.5 - 0.k
1645 ~103.7 -103.7 0.0
17.0 =111e1 -108.7 - 2.4
1745 -119.2 -116.7 - 2.5
18.0 -127.9 -128.3 + 0.k
18.5 ~13%7 41 -139.3 + 2.2
19.0 -146.8 -147.0 + 0.2
19.5 ~15646 -155.9 - 0.7
20,0 ~16549 -165.2 - 0.7
20.5 -173.8 ~17349 + 041
21.0 -178.4 “177 o1 - 1.3
21.5 -476.2 ~175.3 - 0.9

22.0 ~161.2 ~159..4 - 1.8
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Distance Observed (gamma) Calculated/40.0 Residuals
22.5 -122.5 -12k.3 + 1.8
23.0 - 4041 - 41,8 + 1.7
23.5 121.4 12144 + 0.3
2k.0 420.8 L3l ,3 ~13.5
2.5 92341 911.9 +1142
25.0 1558.6 1564,2 - 5.9
255 1997.7 1995.5 + 2.2
26.0 1105.2 2100.2 + 5.2
2645 2029.2 2037.9 - 8.7
27.0 1886.1 1884 .4t + 1.7
2745 1716.6 17138 + 2.8
28.0 15184 1520.5 - 2.1
28.5 1259.9 1264.9 - 5.0
29.0 881.4 870.3 +11.1
29.5 315.7 3274 -11.7
30.0 - 370.3 - 375.8 + 5.5
30.5 - 850.k " - 846.1 - k3
31.0 - 992.9 - 985.2 - 7.7
31.5 - 950.6 - 9574 + 6.8
32.0 - 847.2 - 849.5 + 243
3245 - 735.2 - 7335 - 1.7
33.0 - 632.9 - 631.1 - 1.8
33.5 - 544,9 - 544,5 - 0.4
34.0 - 470.9 ‘ - 470.9 0.0
3h.5 - 409.3 ' - 409.1 - 0.2
3540 - 358.0 - 357.6 - 0.4
3545 - 31541 - 31541 0.0

36.0 - 279.0 - 280.3 + 1.3
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TABLE 3.4 continued

Distance Observed (gamma) Calculated/40.0 Residuals
36.5 ~248.5 -249.0 \' + 045
37.0 ~222.6 -220.2 S =24k
305 -200.4 -197.1 - 3.3
38.0 -181.2 -180.5 - 0.7
38.5 -164.6 -164.9 + 0.3
39.0 -150.2 ~148.7 - 15
39.5 -137.5 =135 .4 - 2.1
40.0 -126.3 ~126.2 @ 0.1
40,5 “116.4 -117.2 + 0.8
41.0 -107.6 -107.1 - 0.5
k1.5 - 99.8 - 99.6 - 2.2
42.0 - 92.8 - 89.7 - 3.1
42,5 - 86.5 - 83.7 - 2.8
43,0 - 80.8 - 795 - 1.3
L3.5 - 75.6 - 74,6 - 1.0
44,0 - 7049 - 68.6 - 23
bhi,5 - 66.7 - 6h.b - 2.3
45,0 - 62.8 - 62.0 - 0.8
k5.5 - 59.2 - 55.5 ‘ - 3.7
46,0 - 55.9 + 4h.6 -11.3

46.5 - 52.9 - 43.1 had 908
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3.2+.3+.2 Direct calculation of J/p and p/J by use of programs

JG/RAT and GJ/RAT.

These pfograms calculate the individual ratios of
anomalous properties J/p (JG/RAT) and p/J (GJ/RAT) for each
block element of the equivalent layer. The calculation
requires both types of observed anomaly at input, and uses the
first to derive a distribution of magnetisation or demsity
which is then used in solution against the second type of
observed anomaly for the individual ratio values, with the
initial assumption that each of these is edual to unity. A
listing of JG/RAT is included in appendix D.

When used with an equivalent layer that approximates the
true source body in shape and size, the programs can be used
to obtain individual block ratio values of the correct order
or magnitude. Use of the programs in this manner is closely
analogous to deriving distributions of magnetisation or
density alone, and considerations apply which are similar to
those discussed in connection with fig 3.2.

Alternatively, a thin equivalent layer can be used to
obtain a single estimate of the ratio value directly from
anomalies which are considered to be caused by a single homogeneous
source, or a number of homogeneous sources for which the ratio
J/p is the same. Figs 3.5, 3.6 and 3.7 show the results of
tests applied to anomalies due to the simple body of fig 3.3,
a body of inward dipping lower surface and an asymmetrical
body with outward dipping upper surface. The results of these
tests demonstrate that, although it is necessary to extend the

equivalent layer some distance beyond the horizontal limits of
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the true source body for an accurate estimate of the ratio
value, a good approximation to the value may be obtained with
the layer restricted horizontally to the limits of the body,

or to the region of the main anomaly peaks. In fig 3.6 there
is a discrepancy of about 4% of the true value of J/p between
that and the best value on the plot for a restricted thin
layer; for p/J the discrepancy is about 6%. For the variable
upper surface body of fig 3.7, the estimate is not as good,
with a p/J discrepancy of 20% for a restricted layer.

Bott and Hutton (1970a) discussed the resolution of the
linear inverse method to derive distributions of magnetisation
and density with respect to the block width/depth to upper
surface ratio. These authors concluded that instability due
to amplification of short wavelength errors set in when this
ratio was less than 0.6;‘ This value is one for good quality
data and generally, the limiting value is somewhat higher; a
ratio of 1.0 usually ensures stability. In calculations for
J/p by the linear inverse method, the two calls to the least-
squares procedure produce a greater amplification of errors
in limiting conditions and a width/depth ratio of 1.0 should be
the min@mum value for stability when a full thickness equivalent
Jayer is used. For a thin layer applied to the model and
anomalies of fig 3.7 a minimum ratio value of 1.5 =~ 2.0 was

found to be the necessary limit.

3e2e3¢3 Calculation of the angle of magnetisation, programnsBETA.

SBETA computes & single angle of magnetisation for the
whole profile represented by an equivalent layer. A listing of

the program is contained in appendix E.
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Table 3.5 lists the solutions obtained by SBETA for
different configurations of the equivalent layer applied to the
anomalies caused by the body of fig 3.7. The depths, thicknesses
and horizontal extent of the equivalent layers may be compared
with the extent of the true model between horizontal limits of
35km and 55km, and vertical limits of 0.5km and 5.5km; the

computed angles of magnetisation may be compared with the true

angle of 75°.

TABLE 2.5 SOLUTION OF ANGLES OF MAGNETISATION BY PROGRAM SBETA

Bauivalent layer configuration Magnetisation angle.

upper surface. lower surface. blodk width. layer extension. inclination.

depth (km) depth (km) (km) (km) (degrees)
0.50 0.51 1.0 30 - 60 7563
0.50 0.51 1.0 35 = 55 7545
0.50 5450 . 5.0 35 « 55 76.0
0.45 0.46 1.0 35 ~ 55 761
0.50 0.51 5.0 35 = 55 772

Definition of the solutions to the first decimal place is made

in table 3.5, only to indicate the trend of accuracy for different
layer configurationse. In the treatment of real data, a solution
quoted to such precision would not be justified; from the

spread of values in table 3.5, a minimum error of 2° would be
expected in the treatment of well defined and relatively isolated

anomalies.

The use of SBETA in the treatment of anomalies caused by
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bodies with a negative ratio J/p (fig 3.6) produces solutions
of approximately (/4- 180°), where/ﬁ{ is the true angle of
magnetisation.

The solutions in table %.5 indicate éonsiderable stability
for the process, and if the assumptions made at the beginning
of section 3.2.2.3 are a good approximation to the geological
situation, little else need be known about the true source body.

The variation in solutions obtained by SBETA may be compared
with the corresponding variation in solutions obtained by the |
method of Bott\et al. (1966). The method is based on
determining the range of angles of magnetisation for which the
pseudo-gravity anomaly is positive for a positive magnetisation
of the source quy. A range of possible.values was calculated
by Bott et al. for successive pseudo-gravity stations and
the final range of values to delimit the angle of magnetisation
was that which was common to the individual ranges. The
precision to which the angle can be estimated depends on the
number of individual ranges used and the accuracy to which the
integrals défining each individual range could be evaluated.
The integrals are

: +00
I, = |_oo T(x"', 0) log r ax'

¥00 4 1
Ip = | _go Mx", 000 ax
where T(xq,O) is the total field magnetic anomaly on the plane

of measurement (the x-axis in Bott et al., 1966), and r and §

are the polar coordinates of (x1,0) from the pseudo-gravity
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station (x,z). Thus, for complete definition of the permissible
ranges of magnetisation angles, a complete knowledge of the
magnetic anomaly on the x-axis is required. The practical
definition of the ranges by a numerical integration over a
finite length of profile in the method of Bott et al., is
strictly analogous to the lateral extent of the thin equivalent
layer in the present method by the linear inverse technique.
The latter method achieves greater precision as the solution is
controlled by the whole waveform of the gravity anomaly and not
by its sign only. The final solution is slowly changing for
different equivalent layer extensions, as was the mean value of
the common range in the method of Bott et al. for different
lengths for the numerical integration.

The response of the linear inverse method to different
equivalent layer configurations is seen in fig. 3.8 which
contains plots of the two columns of matrix Kg (equations (18)
and (19)) for the 1st, 3rd and 5th test treatments of table 3.5.
The widely differing waveforms in fig 3.8 produce values for

the angle of magnetisation which differ by a maximum of 2°

and have in common only a phase correspondence for long
wavelength components. The plots of fig 3.8 emphasise the
importance of long wavelength c§mponents in the definition of
a magnetic anomaly and the difficulty encountered in solving
for a magnetisation angle for each block element if the
equivalent layer is not a close approximation to the shape of

the true body.
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3.2.4  Application of the transformation programs to separate

magnetic anomalies.

This section is concerned with methods for separating the
component of a magnetic anomaly that is caused by the shape
and topographic relief of a source body from the component
that is:caused by a change in intensity of magnetisation alone.
The methods depend on the use of the gravity anomaly as
representative of the component due to shape, thus the
séparation is effected between magnetisation changes which are
associateédnwith a change in density and those which are not.

In outline, the procedure is as follows: |

a) Transformation of observed gravity anomaly to a
pseudo-magnetic anomaly, using a specified direction of
magnetisation.

b) Point for point calculation of the ratio observed/
pseudo-magnetic anomaly.

c) Derivation of the variation in the ratios of
step b) that corresponds to topographic changes onlyj; this
variation will be calledrthe regional variation.

.4) Scaling of the pseudo~-magnetic anomaly by product
with the regional variation value at each point.

e) Subtraction of the scaled pseudo-magnetic anomaly
from the observed magnetic anomaly.

One method of performing step c¢) is to fit a curve to the
indi?iéuai ratio values by least-squares. Where topography
of magnetically active bodies is relatively simple a line with
the equation (y = a + bx) is a good approximation. For an
idealised least-squares fit to the observed/pseudb-anomaly

ratios due to a source body of uniform J/p, the gradient 'b' is
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zero and the intercept 'a' provides an accurate estimate of

the ratio J/p. A test on the anomalies caused by the simple
body of fig 3.3., using a thin equivalent layer, produped a
small but significant value for the gradient b due to the) |
inclusion of the profile end point observed/pseudo-magnetic
anomaly ratio values in the least-squares process. These

end point ratio yalues areroscillatory due to truncation of the
anomaly profile withiﬁ a finite length and to the use of a thin
equivalent layer which is responsive to high wavenumber
components over the whole profile. The gradient was effectively
reduced to zero by excluding the end péints from the least-
squares process or by using a thick equivalent layer.

The standard model used'for tésting anomaly separation
applications of the joint analysis methods is shown in fig 3.9,
and contains a central section with an intensity of magnetisation
double that for the rest of the body, but with the same
magnetisation direction. To test the effectiveness of the
separatioﬁ of magneticvanomaly Qdmpbnents based on a linear
representation of the regional scaling ratio, an additional
set of statements was added to program TR/GM to compute the
individual observed/pseudo~anomaly ratié &alues, to make an
additional call to subroutine LLSQ and to perform the scaling
and subtraction. This is the f&rm of TR/GM in appendix B,
where the additional statements are optional.

Results of the separatioh proéess, using a thin equivalent
layer, are shown in fig 3.9; the true ratio, J/p = 0./01, for
the main part of the body is indicated by the line tt, and the
least-squares scaling equation by line ee. The\symmetry of line

ee about tt within the length of the profile, and the intersection
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of the two lines over that part of the body which is of higher
intensity of magnetisation, illustrates that within practical
limitations, induced by use of a finite profile length, the
gradient of line ee is due entirely to the additional magnetic
anomaly component which is not represented in the observed
gravity anomaly. At the profile ends, where the effect of
difference in location between the sources of the two anomaly
components is much reduced, the difference in the ordinates

of lines tt and ee approaches the value of the difference in
the two values of J/p for the body.

Resolutioniof the anomaly due to a higher intensity of
magnetisation in the centre of the body, termed the residual
anomaly, is accurate to within 3 gamma for the main peak
(fig 3.9). This accuracy is obtainable as the intersection
of lines tt and ee is located over the part of the body that
is of higher intensity of magnetisation; thus in this section
of the profile the pseudo-magnetic anomaly is scaled by the
correct regional value J/p = 0.01. The spurious lobes on the
residual anomaly profile (fig 3.9) at 21km and 30km are due to
divergence of line ee from line tt in a section where anomaly
amplitudes are still relatively high, but these are instantly
recognised by the presence of sharp discontinuities.

Any method to separate magnetic anomaly components, of
different relation to the associated gravity anomaly, is an
approximation if it is based on the transformation technique.
Scaling of the pseudo-magnefic anomaly is based on the
observed anomaly which contains both components, and success

of the method requires that the section of the body that is of
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different intensity of magnetisation should form only a small
part of the whole.

The same limitations apply to the alternative method of
scaling by normalisation, Normalisation has been uéed in
magnetic interpretation to compare observed magnetic anomalies
with standard anomalies due to known body shapes with known
directions of magnetisation (Gay, 1963). It is performed by
dividing each anomaly value by the mean absolute value for the
profile. Tor the present purpose, after calculation of the
mean observed and mean pseudo-magnetic anomaly, the nethod
proceeds as:

a) Product of the pseudo-magnetic anomaly ﬁy the
ratio (mean observed)/(mean pseudo-anomaly).

b) Subtraction of the scaled pseudo-magnetic anomaly
from the observed anomaly to produce the residual anomaly.

This method was adopted in program NUFIL. Thenwprogram is
basically a version of TR/GM that calculates the mean values
for normalisation, and performs the product and subtraction.
In addition, fully normalised anomaly values are calculated
which are in the form suitable for correlation analysis, and,
as a final stage, a distribution of magnetisation-approp;iate
to the residual anomaly is calculated. Another feature of
NUFIL is a subroutine to preform cosine tapering of the
profile ends, based closely on a subroutine included in the
fast fourier analysis program COOL, which was written at the
Australian National University. VWhere tapering was considered

to be necessary in data inputs for other programs, a temporary
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routine was inserted to achieve this. A listing of program
NUFIL is contained in appendix F.

The residual anomaly associated with the body of fig 3.9
was not.;so well resolved by NUFIL due to the use of a constant
scaling ratio which was slightly higher than the main body
ratio of J/p. However, the main advantage of normalisation is
that a constant signal to noise ratio is maintained on the plot
of the residual anomaly, whereas noise is progressively
anplified by the divergence of lines ee and tt (fig 3.9) in
the least-squares method.

For an input specification of an estimated full thickness
equivalent layer, the apparent variation within distributions
of J/p which is caused by unrepresented body to topography is
generally quite gentle, whereas changes in intensity of
magnetisation alone cause sharp variations in the J/p plot.
This provides another, but less precise and more subjective
method of separating the two anomaly components. A polynomial
is fitted to those J/p ratio values which are considered to
form part of the gentle variations, and deviations from this
polynomial in the J/p plot are assumed to represent changes
in magnetisation only. The method produced accurate results
for the test anomalies of fig 3.9, and is illustrated by an

example from the Scottish Shelf in chapter five.

34205 The importance of the regional field.
Of critical importance in the use of thése joint analysis
gravity/magnetics methods is the prior removal of a representative

background field from both sets of data. This is of particular
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relevance to the gravity field which, in most cases, must be
cleared of all but upper crustal effects if it is to be used
in conjection with magnetic data. For data ‘from marine
éurveys, if isostatic equilibrium can be assumed, the free-air
gravity anomalies are often the most suitable; the IGRF is
often suitable as a backgréund field for maénetic anomalies.
The uncertainty of what constitutes a representative background
field, for each of the two types of anomaiy which are
considered to be caused by the same structure, is one main

limitation of the methods as interpretation techniques.

2e3 The two-dimensional approximation in quantitative

interpretation.

A synopsis and reassessment of the magnitude of errors
introduced into interpretations by assuming a two-dimensional
structure has recently been presented by Lehmann (1971).
Lehmann's examples, of simple source bodies causing complex
anomalies, are taken from extreme situations where inclination
of the earth's field is low (about 20°). Over the Iceland-
Faeroes Rise, where the field inclination is approximately 75°,
these effects should be reduced. However, errors in depth
calculations will still exist, especially in the interpretation
of anomalies Aa, based on profiles taken from E - W lines in
the detailed survey area (fig 2.3). The error in this case
may be as high as Lehmann's estimated 20% for prismatic and
tabular bodies. Elsewhere, the ratio of strike-length/width
of anomaly is significantly higher, and the errors due to the

assumption of



- 90 -

assumption of a two-dimensional structure should be much

below 20%.
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CHAPTER FOUR

INTERPRETATION OF DATA. FROM THE ICELAND-FAEROES RISE

Interpfetation in this chapter is divided into two sections;
the first section deals with magnetic data from the detailed
survey of m.v. Arran Firth in 1969, and the second section with
gravity and magnetic data obtained in 1967 from RRS John Murray.
As the data used in the first section is based on short survey
lines, the interpretation of local features is emphasized, in
terms of body shapes and intensities of magnetisation. In the
second section, data from the longer survey lines is used in a
discussion of the regional upper crustal structure of the

Iceland~Faeroes Rise.

L, 1 Interpretation of magnetic data from the survey of m.v.

Arran Firth, 1969.

It is evident from the contour maps (figs. 2.3 and 2.4) that
the west of the survey area differs in magnetic anomaly style
from the rest of the area. The western regional high contrasts
with the variable positive and negative anomalies to the east,
and dominates the field to‘such an extent that the average IGRF
residual anomaly for the whole survey area is + 130 gamma. Thus,
the survey area has a net positive anomaly which demonstrates a
dominance of positive magnetisatién by volume relative to the
IGRF.

The least-squares regional fields, calculated directly from

the data for each line, reflect the broad magnetic structure of
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the area directly. Fig. 4.1 shows a plot of E - W regional
field gradients for the twelve lines individually, together
with the E -~ W gradient of the plane~fitted regional. . All h
gradients are positive, which reflects the development of the
'regional high' in the west; the general northward increase
in gradient values is due to the presence of anomalies B, E, F
and to increasingly large areas 6f negative anomalies in the
central and eastern sections of the area (fig. 2.4).

Several problems were investigated in the survey area:

a) The nature of the structure causing the broad N - S
magnetic high in the west of the area, and its relation to
magnetic sources in the east.

b) The nature of structures causing high amplitude
anomalies A, a, B, b, and their relation to the regional high.

c) The nature of the structure causing anomaly H (fig.2.3).

a) . The intensity of magnetisation required to produce the
positive and negative anomalies in the central and eastern sections

of the area.

k1.1 The regional magnetic high in the west of the survey

area.

The IGRF residual map (fig. 2.4) indicates that the regional
magnetic high is associated with a long wavelength change from
LOO - 500 gamma in the west to approximately zero in the east.
The distance over which this change takes place is approximately
30km, and thus, the regional high in the west of the area may
be considered as a positive anomaly of wavelength 60km. An

estimate of the intensity of magnetisation required to produce
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this change may now be made.

The estimate is made by considering a single fourier
component of two-dimensional magnetic anomalies, and by use of
the formula which relates the gravity and magnetic anomalies of

a two-dimensional body for a certain ratio J/p,

J1 (25 sin B - ag ¢os B)

A = ——
Gp dx dz

(Bott, 1969¢).

where A is the magnetic anomaly, g is the gravity anomaly,
G the gravitational constant, p is demsity and J1 is the
intensity of magnetisation transformed into the plane of the
profile, and with a direction specified by the composite angle B,
as defined for equation (1) in chapter three. Now consider a
sine series gravity anomaly of wavenumber k, which may be
interpreted as caused by a sine series surface distribution of
density at a depth z, and written down as,

g = G 0o sin kx. o2

(Bott, personal communication)

where o' =0, 8in kx is the distribution of mass per unit
area with wavenumber k. Thus, the magnetic anomaly fourier
component of wavenumber k may be obtained by differentiating the
gravity anomaly with respect to x and z to give

1, ~kz

A= - J ke sin(kx - B)
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where J1 is the magnetic moment per unit area. The
amplitude of magnetic moment is related to the amplitude of

the magnetic anomaly by

[a]= IJ1/ kak? (41)

(Bott, personal communication)

For small values of kz, this relationship does not depend
critically on the depth z as the exponential term tends to unity.
For an equivalent layer of thickness ZXz, equation (4.1) may be

written as,

,AI=IJ‘k€szz ® (4.2)

Where J is the magnetic moment per unit volume, or the
intensity of magnetisation.

Equation (4.2) may now be applied to the long wavelength
magnetic anomaly over the regional high in the west of the
present survey area. The anomaly amplitude, for a wavelength

)\ of approximately 60km, is at most 500 gamma; the wavenumber,
k = 2n /) , has an approximate value of O.1km'1; for an
equivalent layer of thickness 2km (the average thickness of-
oceanic layer 2), the estimated value of J is 0.025 cgs. If an
amplitude for the long wavelength component is taken to be
300 gamma, the magnitude of J is 0.015 cgs.

The results of this estimate may now be compared with the

full distribution of magnetisation derived by the linear inverse

method for the whole of line 8 (fig. 4.3). An equivalent layer
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of thickness 2.0km was used, at a depth of 0.5km, and the
direction of magnetisation was specified as true north, for an
inclination of 75°. The distribution in fig. 4.3 is
dominated by long wavelength components which obscure detail
over both the western regional high and from 20km to 70km, over
two large positive anomalies in the centre of the profile. For
the former, the change in magnetisation is of the order 0.01 cgs,
and for the latter it is approximately 0.005cgs. These values
are differences in magnetisation, and for the specified
equivalent layer configuration, they are not altered by
adjustments to the background field. The results of the
estimates, and of the more specific computations by the linear
inverse method, show that this part of the Iceland-Faeroes Rise
is associated with high amplitude effective lateral changes in
magnetisation.

For comparison with other areas in the north-east
Atlantic, the values obtained above may be converted to the form
of magnetic moment per unit area, by multiplying by the thickness
of the equivalent layer. In this form, the two values are
proportional to¥0.02 cgs and*b.01 cgs, and may be compared
with 0.015 cgs and 0.006 cgs obtained by treating in the same
way the interpretations of Vogt et al. (1970) for the axial
zone and flanks of the Iceland -~ Jan Mayen Ridge. Corresponding
values for the axial zone and the flanks of the Reykjanes
Ridge were calculated from thé models of Talwani et al. (1971)
as 0.01 cgs and 0.005 cgs., and from the models of Godby et al.
(1968) as 0.02 cgs. and 0.01 cgs. Thus, in terms of magnetic

moment per unit area, the section of the Iceland-Faeroes Rise

<
* o, hmgnﬂ’moles iuo!—eol % 10 c9-$
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within the detailed survey area is comparable to active mid-
ocean ridges in the north~-east Atlantic.

However, in terms of wavelength, the distribution of
magnetisation for line 8 (fig. 4.3) is unusual. The width of
the zone of high intensity magnetisation on the Reykjanes
Ridge (i;;wani et al., 1971) is about zokg} in contrast to
the 30-40km for the regional high in the present survey area.
Thus, the area is dominated by an E-W high amplitude change in
magnetisation of anomalously long wavelength for its setting in
the north-east Atlantic. An interpretation based purely on
sea~floor spreading would imply a spreading rate for the present
area that is at least twice that on the Reykjanes Ridge, and in
a different direction.

If a sudden change in sea~floor spreading parameters is
considered unacceptable, then alternative interpretations
are required, and which imply a fundamental change in
configuration or composition of the magnetic basement from
west to east. This condition is illustrated by the amplitude
spectra for two 20km anomaly profile lengths from line 5; one
profile covers the western regional high and the other is
located just to the east of the high. The length of ZOkm.is
the maximum for an anomaly profile restricted entirely to the
regional high in a location where high amplitude anomalies such
as B, b (fig. 2.3) are absent. The spectra for the two
profiles(fig. 4.2) are very different in character, and the
immediate interpretation is that magnetic basement to the west

is located at a greater depth than that to the east. The actual

¥ also a geheroi maximum o of anomalies and dands of maghe#‘,m#{oh oyfme Po(an'h/'
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depth difference may be calculated for selected wavenumbers by
use of the method described in appendix G, and with the
assumption that the attenuation of spectral components in the
western profile is due entirely to the greater depth teo the
basement. Depth differences of 0.5km to 1.5km were calculated
for the higher wavenumbers by this method. Consideration of the
available bathymetric data (figs. 1.4 and 2.5) suggests that
even for a depth difference of 0,5km, the magnetic basement

in the west must be buried if the difference in amplitude
spectra is to be explained in this way. Furthermore, if the
seismic reflection results of Jones et al. (1970) are assumed

to be representative of the western part of the crestal

plateaﬁ, then little or no sediment can be present, and the
magnetic basement in the west must be buried beneath a non-
magnetic basement. Although an upper non~magnetic basement

is feasible, and this is discussed below in connection with

high amplitude anomalies a and b, it is considered unlikely,

for the main structure in the west of the Iceland-Faeroes Rise
was produced by sea-floor spreading (Bott et al., 1971). The
conclusion is that the anomaly field in the west contains

much of its energy in wavelength components which are longer
than the 20km permitted by data cover for the spectra in fig.4.2.
This supports the qualitative study made above. Thus, the
difference in amplitude spectra is explained by a fundamental
difference in the properties of two igneous basements at outcrop.
The difference in anomaly style between east and west supports

this conclusion.
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4,1.1.1 An interpretation in terms of body geometry.

As an alternative to the distribution of magnetisation

-shown in fig. 4.3, magnetically equivalent geometric models

were produced as interpretations of the regional high in the
west of the area. Anomaly clusters A, a and B, b (fig. 2.3)
will be identified in an interpretation described below, as
intrusive centres, and as these appear to be confined to the
structure that K causes the magnetic regional high (fig. 2.4),
then an interpretation of the latter is of importance.

Figs. 4.4t to 4.7 show a first series of optimization
models for the structure causing the regional magunetic high.
The optimization models are in the form of simple basement
uplifts and provide approximate depth estimates for further
interpretation. The profile from line 7 (fig. 4.7) was
included for comparison with those over the regional high in
the west, and shows the development of high H (fig. 2.3). A
depth of O.bkm to the model for high H correlates with a depth
of 0.35 km recorded just to the south by FS Meteor (fig. 2.5).
Generally, the available bathymetric data indicates that O.ltkm
to 0.5km is an average depth to the sea floor in the area, and
the models in figs. 4.4 to 4.7 reach this depth in places.

The optimization process produced also a vertical and
horizontal component of magnetisation intensity for each model.
Palaeomagnetic studies in the Faeroe Islands (Tarling and Gale,
1968) have determined normal and reversed stable remanent
magnetisations in north - northeast and south - southeast

directions respectively. Inclination of magnetisation in the
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Faeroes is on the average 3:$©9. If these results can be
extrapolated to the present survey area, then the inclination
defined by the 'optimum' components of magnetisation in figs.
4,4 to 4.7, and which is as low as 30° for line 7 (2ig. 4.7),
is not of palaeomagnetic significance, but is due to over-
simplified models in the optimization process.

Residuals, observed anomaly minus calculated anomaly,
from the optimization process were interpreted using the linear
inverse technique to derive a residual distribution of
magnetisation. The magnetisation distributions (figs. 4.4 to 4.7)
are those for rectangular two-dimensional prisms contained within
an ;quivalent layer, for which a depth of O.4km to the upper
surface corresponds to the estimated average bathymetry for the
survey area. The depth of 0.6km to the lower surface is
approximately that of thershallower plateau regions of the models
produced by optimization. An alternative would have been to
section the optimization mﬁdel into a sequence of vertical sided
trapezoids and to solve for a residual distribution of
magnetisation within these. The residual magnetisation
distributions of figs. 4.4 to 4.7 show two sections where
oscillatory instability is much reduced; one of these is located
on line 8 (fig. 419), in a position where the depth of the
optimization model is of the same order as the depth to the lower

surface of the equivalent layer; the other is located on line 5

_ s
Z¥3 (fig. 4.8) in a position where the optimization model is much

deeper than the equivalent layer. Apparent stability within
sections of a distribution of magnetisation is not a reliable

criterion for establishing the vertical bounds of magnetic sources,
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5 .
QJf’ but on line 5 (fig. 4.8) it may indicate the existence of an

independent weak and shallow source of magnetic anomalies.

The first series of optimization models (figs. 4.4 to 4.7)
provides interpretations‘for the regional magnetic high and
high H which are relatively objective. More specific
interpretations for the same four profiles were obtained in
the form of a single magnetic layer of variable upper and
lower surface topography, and of uniform intensity and direction
of magnetisation. This second series of geometrical interpretations
was obtained by a two-stage procedure for each profile. In
the first stage, an upper surface topography was produced by
trial and error, program MAGN, and was based approximately on
the optimization models of figs. 4.4. to 4.7, but included
more detail. Foffﬁis stage, a conventional lower surface was
placed at a constant depth of Skm and a magnetisation intensity
of 0.005 cgs was used, with an inclination of 75° (inclination
of present earth's field) in the direction of true north. The
trial and error étage was terminated when steep gradients, and
local peak to trough gamma amplitudes had been produced in
correct phase relations for the most prominent local anomalies
and inflectiouns. In the second stage, lower surface relief
and final values for the vertical and horizontal components
of magnetisation were derived by optimization; upper surface
co-ordinates, obtained by the indirect method in the first stage,
were retained as fixed 'known' co-ordinatés through the second
stage optimization. The finél models are shown in figs. 4.8 and

k.9, In order to maintain continuous gradients and levels of
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the calculated anomaly at the profile ends, to match those of
the observed anomaly, the models were extended slightly beyond
the profile ends. This accounts for the thickening of the
model layer beyond the eastern end of the profile from line 7
(fig. 4.9), and the rapid thinning df the layer at the eastern
ends of the profiles from lines 5 and 8 (figs. 4.8 and 4.9).

Generally, the model magnetic layers (figs. 4.8 and 4.9)
develop maximum thickness beneath sections of smallest depth
to the upper surface. Again, from the estimated average
bathymetry for the area, the model upper surfaces probably
reach the sea floor on the western and eastern margins of the
survey area, but towards the centre of the area, the model
upper surface is considerably deeper than the estimated
bathymetry.

Apart from their significance as individual interpretations,
the ﬁodels in figs. 4.8 and 4.9 are useful in that they are
standardized by the use of a common intensity of magnetisation
and depth to lower surface in the first stage of their produétion.
Thus, these models, and any magnetic equivalents, may be
compared systematically from profile to profile. For example,
intensities of magnetisation are of the same order for models
of profiles 5, 8 and 12 (figs. 4.8 and 4.9), but lower surface
relief on the model for line 8 is more exaggerated than oﬁ the
other two models; the profile from line 8 is close to high
amplitude anomalies B, b (fig. 2.3), and the exaggerated model
may represent directly the greater development of the regional

magnetic high source structure in this sub area. The profile
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from line 5 contains lesser gradients and lower amplitudes
than those of line 8, and its proximity to the anomaly cluster
A, a may indicate that activity associated with this cluster
is older, deeper, or less well developed than in the area of
B, b. A similar comparison of high H (fig. 4.9) with the
western profiles shows that if a similar structure is present,

then it must be on a smaller scale than that responsible for

the regional magnetic high in the west, not only in terms of
area, but also in thickness.

Interpretation of the regionsl magnetic high by models of
the type obtained for lines 12, 8 and 5 (figs. 4.8 and 4.9)
receives support from the interpretation of seismic refraction
results by Bott et al. (1971). Seismic refraction line 69/3
of Bott et al. is shown in fig. 1.4, and the south-eastern end

of this reversed line is located within the eastern quarter of

the present survey area. A full table of the refraction results

for south-eastern end of line 69/3% is included in section 4.1.3
of this present work, but it is sufficient here to note that
Bott et al. recorded an uparching of layer 2 rocks, of P -
velocity 5.7km/s, which crossed line 69/3 in the form of a
ridge surrounded by rocks of lower P - velocity, just to the
north of the present survey area. Thus, it is appropriate to
identify the structure causing the regional magnetic high in
the west with a similar ridge of layer 2 rocks, but of
approximately N - S trend.

The topographic relief on the upper surface of the models

for the western anomaly profiles in figs. 4.8 and 4.9 is
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approximately 1.5km to 2.0km, or of the same order as that of
the layer 2 ridge defined by Bott et al. The depth of the base
of layer 2 was calculated for line 69/3 as 7.25 X 1.28km, and
thus the models of figs. 4.8 and 4.9 may be of approximately
the correct dimensions, and the intensity of 0.005cgs may be a
realistic(estimate of the average intensity of magnetisation of
the postulated layer 2 ridge in the survey area. The models
for profiles 12, 8 and 5 (figs. 4.8 and 4.9) must not be

taken too literally, and it is very dangerous to equate the

thinning towards the east in these models with a thinning of
layer 2 in the same direction. If any interpretation is to be
assigned to model lover surface relief, then an apparent change
in magnetisation, away from the postulated ridge, within the
layer 2 rocks is all that can be suggested.

The identification of the western regional high with a
ridge of layer 2 rocks is in agreement with the explanation of
the difference in amplitude spectra for profiles from line 5,
as being due to a fundamental difference in basement; to the
west, the basement is formed by layer 2 rocks which differs
from the basement of the central and eastern sections of the
survey area.

Features such as the N « 8 regional high in the west of
the survey area would dominate the magnetic field if they were
common on the Iceland~Faeroes Rise, and the N - § trend on the
aeromagnetic map of Avery et al. (1968), which is shown in fig.
1.3, may indicate a wide wvariability in the type of basement
at outcrop which is controlled by significant topography within

the upper seismic layers.
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k.1.2 The interﬁretation of high amplitude, relatively isolated

anomalies.

A qualitative comparison of the anonmaly patterns superimposed
on the regional magnetic high in the west of the survey area
with the I.G.S. aeromagnetic maps, covering the Tertiary
volcanic centres of North-west Scotland, suggest that the
c¢ircular, or semi-circular configurations of anomaly clusters
A, a and B, b (fig. 2.3) mark the sites of volcanic/intrusive
centres. Kristjansson (1970) quotes a personal communication
from Th. Sigurgeirsson concerning the presence of large
aeromagnetic anomalies over intrusive complexes within the
Tertiary basalts of Iceland, and deduces that similar anomalies
over other parts of the Tertiary area are caused by intrusive
centres beneath the basalts; some of these centres may be
reversely magnetised.

In this context, high amplitude anomalies such as A, a, By b
and E (fig. 2.3) mark the sites of the components of two such
centres, as volcanic superstructure, intrusive apopzjes and
subsidiary intrusions. Simple models, produced by optimization,
indicate that these individual components reach the estimated
depth of the sea floor at O.4 ~ 0.5km (figs. 4.10 to 4.13),
although the model for high A alone (fig. 4.10) is unreliable
as the assumption of a two-dimensional structure is a poor
approximation for the profile from line 2 (fig. 2.3).

0f particular importance are the negative anomalies a and
b (fig. 2.4). At the high latitudes of the survey area, these
features are certainly caused by bodies which are distinct

from those that cause the high amplitude positive anomalies A
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and B, On the total field map (fig. 2.3), the amplitudes of A
and a are approximately equal with respect to the estimated
background field, and the emplitude of b is greater than that
of B. That A, a and B, b are coupled positive and negative
lobes of anomalies produced by a single body in each case,
with a very low magnetisation inclination, is refuted by the
steep gradients that define a and b, and especially as B appears
to be separated from b on the contour map (fig. 2.3). Thus
A and a, B and b are to be interpreted as four individual
structural components.

The geometrical models produced by use of the indirect
method (pfogram MAGN) show that the bodies causing anomalies
a and b are negatively magnetised relative to the source
bodies of A and B, and to the 'country rocks' generally
(figs. 4.14 and 4.15). However, lateral diétributions of
magnetisation within equivalent layers of constant thickness
(fig. 4.16) show that, relative to the IGRF, the change in
magnetisation that is responsible for low b is one from positive
high intensity to very low intensity and not necessarily to
one of reversed'polarity. Thus, in the absence of a knowledge
of the true configuration of anomalous bodies, it is safer to
discuss the bodies responsible for a and b in terms of a low
intensity of magnetisation relative to that of the 'country
rocks!', There are seyerai ways in which this change in
magnetisation can be explained.

One explanation is that the bodies causing anomaiies a

and b were intruded or extruded at a different time from that



- 106 -

of the formation of the rest of the volcanic/intrusive dentres
and the layer 2 ridge. The relatively low intensities of
magnetisation are thgrmo-remanent components acquired under
different geomagnetic field conditiomns. A similar situation
has been described by Hamilton and Richardson (1971), in which
a magnetic anomaly over a seamount in the Tyrrhenian Sea may
be explained by a normally magnetised central feeder surrounded
by reversely magnetised material. However, the uniqueness of
anomalies a and b, aﬁd their apparent central location in the
two postulated centres of activity, suggest that they are
associated with a distinctive rock type, as well as with a low
intensity of magnetisation. |

The distinctive rock type may represeﬁt an original
difference in petrology, or may be an alteration product in
" which the magnetisation was effectively destroyed. The
hydrothermal aureole of the volcanic centres of Thingmuli
(Carmichael, 1964) and Breiddalur (Walker, 1963), in eastern
Iceland, is of wide extent, and of radially dgcreasing intensity
away from the volcanic cores. This situation does not agree with
the relatively narrow width and sharp definition of anomalies
a and b, especially b. If alteration is toAbe invoked, then it
mist be associated with a local rock type, such as a loose
agglomerate, that is especially permeable to hydrothermal fluids;
some magnetic low(in Iceland have been explained by this mechanism
(Saemundsson, 1971).

The preferred interpretation of anomalies a and b is one

that suits the sharp definition of these features on the contour
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map (fig. 2.3) as well as their apparent simplicity, and is
that they are caused by the presence of relatively non-magnetic
granitic rocks at the centre of intrusive complexes. Acid
intrusions and lavas are found in the core of Thingmuli in
Iceland (Carmichael, 1964), and granophyres occur in the
centres of Mull and Ardnamurchan (Richey, 1961). The I.G.S.
aeromagnetic maps show that the gfanophyres of Mull and
Ardnamurchan, and also the granites of Skye, are associated
with negative magnetic anomalies. Thus, the anomalies A, a,
B, b, are considered to be due to basic and acid petrological
components within the two volcanic/intrusive centres on the ridgé
of layer 2 rocks. The semi~-circular configuration of positive
anomalies round 1ow a and low b may be due to partiasl ring-dyke
development.

Saemundsson (1971) discusses such centres in Iceland as
central volcano/fissure swarm units, and gives the dimensions
of a typical unit as 10-25km across and 50-100km along the axis.
These dimensions are comparable to those of the N - S trending
regional high. There is little indication of the presence of
dykes in fissures; or of swarms of these, on the postulated
layer 2 ridge as is normal in Iceland (Walker, 1963; Carmichael,
1964; Saemundsson, 1967), but fissures are not so common in some
parts of Iceland such as the volcanic zone of Snaefellsnes
(Sigurdsson, 1967). 1In addition, Kristjansson (1970) suggests
that dykes do not cause any major magnetic anomalies in Icéland,

in comparison with those caused by lavas and large intrusions.,
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k.,1.3 The eastern section of variable magnetic anomalies.

Whatever the true situation represented by the models for
the regional high in figs. 4.8 and 4.9, the steep field gradients
at the eastern margin of this feature are interpreted as steep
upper surface scarps which descend to depths between 1km and
2km, or on average 1.5km. Optimization for the dimensions of
a tabular body to satisfy an anomaly profile over low ¢ (fig. 2.3)
produced a solution contained between depths of O.lkm and 1.§km.
This anomaly will be discuésed below, but the depth range of
the tabular model is considered to be significant. Although
it is not possible to resolve a vertical distribution of
magnetic sources, there is strong seismic refraction evidence
for a layer interface at approximately 2km. The south-eastern
end of seismic refraction line 69/3 of Bott et al. (1971) lies
just to the west of high H (fig. 2.3). The seismic structure
beneath the south-eastern end of line 69/3 is interpreted by

Bott et al. as follows:

Layer P - velocity Layer thickness Depth to top
(km/s) (km) (km)
water 1.48" 0.4 -
1a 3.68" 0.57 0.40
16 by 1.63 0.97 t o.24
2 5.7k 4,65 2.60 2 0,52
3 6.80 - 7.25 % 1.28
*  assumed ** assumed horizontal

The layer numbers of Bott et al. are based on the convention
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of Palmason (1970) for similar seismic velocities in Iceland,
The velocity for layer 1a is that observed at the north-western
énd of line 69/3, and the thickness of this layer at the south-
eastern end of the line, where it was not observed directly,
was calculated from the\time intercept on the distance - time
plot for layer 1b, which is greater than would be e¥pected for
a first refraction at the sea floor. The seismic results
tabled above indicate that the layer 1/layer 2 interface.
occurs at a minimum depth of 2km, which is in partial agreement
with the average depth of 1.5km noted at the beginning of this
section. Thus, the mixed and variable anomaly field east of
the regional magnetic high (fig. 2.3) is probably caused
‘mainly by sources contained within layer 1a and 1b of Bott
et al. (1971). On this hypothesis, layers 1a and 1b are
underlain either by relatively non-magnetic material, or by
material within which the intensity of magnetisation is slowly
varying in a lateral sense, so that it is effectively uniform
over distances of 10-20km, as in the case of the regional
high in the west. This interpretation is a tentative one,
but suits the change in anomaly style frém west to east,
and is supported by the results of reversed refraction line
69/3.

Lateral distributions of magnetisation, obtained byluse
of the linear inverse technique for an equivalent layer bounded
by depths of O.lUkm and 1.5k@, contain changes in intensity that
are quite consistent in absolute magnitude for magnetic anomalies
of 5-15km wavelength over most of the central and eastern
sections of the survey area. Fige 4.17 shows two of these

distributions of magnetisation; one is for an anomaly profile
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from line 9, based on the IGRF, and the other is for a profile
- from line 1, based on a least - squares regional. The E - W
least - squares regional gradient is very slight for line 1
(fig. 4.1), due to a lower amplitude for the western 'regional
high' and to the presence of a long wavelength positive anomaly
in tﬁe centre of the line (fig. 2.4). Both distributions in
fig. 4.17 include local changes in intensity over distances

of 5-10km of the order L 0.003cgs.

The interpretation of low ¢ (fig. 2.3) by optimization,
and high D.(fig. 2.3) by'the linear inverse method indiaafes
intensities of magnetisation of the same order as those
- derived for local anomalies on the profiles from lines 1 and 9
- (fig. 4.17). However, the regular form and trend of anomalies
¢ and D distinguishes. them from the general anomaly field east
of the regional high (fig. 2.3). The tabular body produced
for low ¢ is of width 3km and of intensity of magnetisation
-0.003cgs; the width is too great for a single dyke and the
absolute intensity seems rather high for a dyke swarm, when
.compared to measured intensities on Sﬁmples:from dykes in
Iceland (kristjansson, 1970), unless individual dykes. are
closely packed to form an effectively homogeneous intrusion
of moderate size. Alternatively, the regular form of anomaly

¢ may be explained by a lens of lava built up over a N - 8
fissure; a similar interpretation could account for anomaly D.
Certainly, the N - 8 trend of anomalies ¢ and D (fig. 2.3)
identifies them more closely with the 'regional high' than with
the mixed anomaly field in which they are set. If fhese

features are associated with fissure - controlled intrusion or
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extrusion on the flanks of the postulated layer 2 ridge, then
the develépment”of(fissures would appear to be very limited.

0f equal uncertainty is the interpretation of high H
figs. 2.3, Ue8 and 4.9). Again, there is a certain simplicity
and a suggestion of a N - S trend that associates this feature
with the regional magnetic high in the west. It may be caused
by another; smaller ridge of layer 2 rocks, and if it contains
& volcanic centre, this may be poorly developed or buried by
younger basalts, such as the central volcano of Husafell in
south-west Icelénd (saemundsson, 1967).

K NW « SE trend is poorly developed in the present survey
area, and is only recognisabie in low k and its continuations
as the locus of relatively low and negative anomalies (figse.
2.3 and 2.4). From fig. 4.17, it appears that low k is associated
with a negétive magnetisation of greater absolute intensity
than that for adjacent anomalies. This may indicate a greater
depth extent for the source of low k and a possible association
with deep fractures; the steep gradients of low k on line 9
(fig. 4.17) could support this, but the interpretation is
uncertain, However, it is noted that the major fjord system
of the Faeroe Islands is aligned NW - SE, and that this is
also one of the two suggested conjugate fault directions that

control the present outline of Iceland (Tr. Einarsson, 1965).

L,1.4 Discussion.
Before the results of interpretations presented above are
V discussed, it should be noted that a long wavelength component

from layer 3 may be present in the magnetic data of the detailed
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survey area. The typical oceanic léyer 3 is considered to
contribute little to the observed magnetic field (Bott, 1967
Luyendyk, 1969; Talwani et al., 1971), but in south-west
Iceland (Kristjansson, 1970; Kristjansson, 1971) highly altered
basalts with a remanent magnetisation of 0.06cgs have been
sampled from a borehole sunk in an area where seismic data
indicates a depth to layer 3 of only a few hundred metres
(Palmason, 1970). Seismic refraction studies in Iceland
(Palmason, 1970) have also shown that the depth to layer 3 is
sharply reduced by as much as 4km beneath Tertiary volcanic
centres. If such a situation is present beneath the regional
magnetic high in the west of the present survey area, then the
effects will be of greatest influence in the models of figs.
4,8 and 4.9. Interpretation of high amplitude anomalies A, a
and B, b should not be affected.

The relatively quiet anomaly field over sections: of the
regional magnetic high in the west suggests that the postulated
ridge of layer 2 rocks is composed of thick units of large
areal extent. The presence of volcanic/intrusive centres A, a
and B, b indicate that former magma reservoirs at a high level
in the crust are to be expected, and, thus, a likely composition
fof the ridge of layer 2 rocks in the west of the area is of
thick basalt formations and gabbroic intrusions. I1f, as was
noted in section 4.1.1.1, the intensities of magnetisation for
the models for the regional high in figs. 4.8 and 4.9 ére
average intensities of the correct order of magnitude, then a
tentative correlation may be made with the intensities of

sampled gabbros and the more highly magnetic Tertiary basalts
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in Iceland (Kristjansson, 1970). Interpretation of the
regional magnetic high is: appropriate to the ridge of layer 2
rocks only, and should not be extrapolated to include the whole
of the thick layer 2 that seems to be characteristic of the
Iceland - Faeroes Rise (Bott et al., 1971). However, it has:
been proposed (Kristjansson, 1970) that an extensive substratum
of gabbro is present beneath Iceland to account for the widespread
occurrence of gabbroic nodules in basalts.

Another problem is whether other ridges of layer 2 rocks
on the Iceland - Faeroes Rise (Bott et al., 1971) are closely
associated with volcanic/intrusive centres, as appears to be
the case in the present survey area. If such a close association
is the general rule, then it may be indicative of a prolonged
or a very intense activity for the formation of layer 2 in
distinct stages. During the first stage an extensive thickness
of basalts, probably of submarine pillow form, was built up
from numerous fissures, while activity became localised to
centres during a second stage. These two stages may represent
separate phases in time, or may be different contemporaneous
aspects of one period of activity in a particular area,

The dominant positive polarity of the regional magnetiec
high (fig. 2.4) also suggests either prolonged activity during
a8 lengthy geomagnetic epoch of normal polarity, or rapid
extrusion and intrusion during a period of intense activity.

The style of activity which has been associated with the
vestern part of the survey area: contrasts sharply with that
which seems to have occurred in the eastern and central sections.

The variable anomaly field east of the regional high contains
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both positive and negative anomalies which, when based on the
IGRF, are explained by positive and negative magnetisations
(Fig. 4.17). This situation is indicative of igneous activity
over a long interval, during which the ambient geomagnetic
field changed polarity at least once, but probably several
times. The generally irregular-nature of the anomaly field in
this sub-area suggests, in addition, that the igneous activity
was mainly e¥trusive in character.

The sources of magnetic anomalies within this sub-area

. have been identified as contained within seismic layers 1a and

1b of Bott et al. (1971). [ILayer 1a is poorly defined at the
south-eastern end of line 69/3, and it appears that layer 1 is
composed mainly of the 1b rock type in the present survey area.
In Tceland, seismic layers 1 and 2 are composed of Tertiary
basalts (Palmason, 1970) of very similar petrological and
magnetic properties, and, thus, the intensities of magnetisation
of 0.003-0.00kcgs computed for lines 9 and 1 (fig. 4.17) are
probably of the correct order when compared to slightly higher,
but comparable intensities associated with the models for the
regional high in figs. 4.8 and 4.9. 1In this context, the W = E
high amplitude, long wavelength change in magnetisation that
characterises the present survey area is explained as a change
from basement formed by the style of igneous activity associated
with a thick ridge of layer 2 rocks to that of a thinner layer 1.
Bott et al. (1971) have drawn the general conclusion that
the crust of the Iceland-Faeroes Rise bears strong similarities
to that of Iceland, in terms of both upper crustal variability
and total crustal thickness., Thus, it may be valid to equate

the apparent W - E change in style of igneous activity, in the
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present survey area, to eruption in shallower water or in
sub-aerial conditions., It was also considered py Bott et al.
that a local V - shaped gravity anomaly, on the south-east section
of the Iceland -~ Faeroes Rise, is caused by a V - shaped vélley
which is now buried by sediment, and which had been cut sub-
aerially when the crest of the Rise stood above sea level,
Emergence of the Iceland - Faeroes may be reflected in the
change in style of igneous activity as mentioned above, and
possibly also in the topographic form of some minor feature.
Many of the geometric models for the sources of some isolated
anomalies in the present survey area show a break in slope
below the shallowest 100-300m of the bodies (figs. 4.10 to
4.135. This break in slope may mark the\change from pillow
basalts to tephra in the postulated series; pillow structures,
breccias and tuff, and plateau basalts; a series that indicates
the transition from eruption in deep water through eruption in
shallow water, to quiet subaerial extrusion. This series has
been deduced from the study of extrusion forms in and around
Iceland (Jones, 1966; Kjartansson, 19673 Jones, 1970). &
major difficulty in applying this hypothetical series to the
present area is that the emergent tephra stage on Surtsey has:
a weak magnetisation compared with that of the presumed pillow
basalts of the totally submarine volcano Surtla (Sigurgeirsson,
1966), while the models in figs. 4.10 to 4.13 are associated
with a high intensity of magnetisation.

Indirect evidence of a former elevation of the Iceland-
Faeroes Rise, at least within the marked influence of wave

action, is provided by the lack of significant bathymetric
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relief on the crestal plateau. The crestal plateau has been
shown from seismic results (Bott et al., 1971) to be formed of
a very variable upper crust with considerable topography on the
layer interfaces, and the present work has shown the existance
of a number of discrete volcanic centres. Thus, the smooth
crestal plateau may be the result of marine peneplanation
when igneous activity had ceased, possibly accompanied by
gradual subsidence. However, the effect of bottom current
activity must not be underestimated in this respect (Jones et
al., 1970), and this may have been more intense during the
period of lower sea level associated with the Pleistocene
glaciationss,

There is a strong indication of a former sub-aerial

status. for the western part of the Faeroes shelf area in the

thickening towards the west of the Eocene coal series on

Sudheroy (Rasmussen and Noe - Nygaard, 1970)..

k.1.5 Summary of conclusions.

‘a) The magnetic structure of this section of the
Iceland-Faeroes Rise is anomalous when compared to that of
typical oceanic crust in the North-east Atlantic.

b) A long wavelength positive magnetic anomaly in
the west of the area is interpréted as caused by a ridge of
thick basalts and gabbro intrusions that is associated with
the thick seismic layer 2 (P - velocity 5.7km/s), which is
charpcteristic of the Iceland-Faeroes Rise.

c) The ridge of layer 2 contains volcanic/intrusive
centres which are associated with basic and acid rocks, as

component intrusions or volcanic superstructure.
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a) Much of the magnetic anomaly field east of the
layer 2 ridge is due to magnetisations within seismic layer 1,
of thickness approximately 2knm. This layer is composed almost
exclusively of extruded material of variable character.

e) There is slight and uncertain evidence for the

former elevation of the Iceland-Faeroes Rise up to, or above

sea level,

L,2 Interpretation of data from the survey of RRS John Murray,1967..

Profiles from lines K and C (fig. 1.4) were interpreted
using the basic linear inverse method and the joint analysis
gravity/magnetic programs to determine the grustal relation of

magnetisation to anomalous density.

L,2.1 Interpretation of line K.

By the use of gravity data (fig. 4.18) and the results of
seismic refraction lines 69/2 and 69/3 (fig. 1.4), Bott et al.
(1971) concluded that the Iceland-Faeroes Rise is approximately
in isostatic equilibrium, with compensation of the Airy type

by crustal thickening to a depth of 20km. The present study

of line K is to investigate the sources of magnetic anomalies
and their relation to local gravity anomalies.

In terms of magnetic anomalies, the situation on line X
is similar to that of the detailed survey area of section 4.1.
Here again, a central section of variable high wavenumber
anomalies is contained between two flanking anomalies, centred
aboﬁt 100km and 300km (fig. 4.18), which contain long wavelength

components of significant amplitude. The outer sections of the
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magnetic ﬁrofile are probably of little use in two-dimensional
.interpretation, as south-west and north-east of the two major
flanking anomalies, the data profile is probably sub-parallel
to the strike of magnetic anomalies (fige. 1.3).

The central section of high wavenumber magnetic anomalies
is associated with a relative low of 30-40mgal in the gravity
field, gravity anomaly Y in fig. 4.18. This low is part of a
_depression in the free air gravity field, of approximately N - S
or NNV - SSE trend, which is terminated just to the north of
thé detailed survey area by an E - W gravity high (fig. 1.5).

The approximate centres of the south-west and north-east
 flanking magnetic highs on line K (fig. 4.18) are located at
62°20'N, 11°20'W ana 63°30'N, 08°20'W, In fig. 1.3, the south-
west flanking high forms par§ of a N - 8 or NNW - SSE band of
high field values that includes also the western 'regional high!
of the detailed survey area. Continuity of the north-fgsé<gy$
fianking high on line K is more obscure, but it may form part
of a band of anomalies striking N - S from the north-western
edgé of the Faeroes 'shelf', with a change in trend to NE - SW
at approximately 62050'N. -

A lateral distribution of magnetisation within an equivalent
layer bounded by depths of O.5km and 5.0km indicates a change
in intensity of approximately 0.006cgs, from the central
section to the north~east flanking high., This is of the same
order as was obtained from the intensity of magnetisation of
models for the 'regional high' in the detailed survey area:
(figse. 4.8 and 4.9), with vertical dimensions approximately

those of the equivalent layer used here. Intensities of
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magnetisation associated with the south-west flanking high on
line K are somewhat higher, and this difference will be
discussed below, but there is some indication of a general
structural similarity, and possibly continuity between the

detailed survey area in the north and line X in the south.

h,2.1.1. Transformation of anomalies and the ratio p/J.

Program TR/GM was used to transform»the free air gravity
‘anomaly profile (fig. 4.18) to pseudo-magnetic anomalies.

Some features of the observed magnetic anomaly profile were
reproduced in correct phase relation, but generally the results
were unsatisfactorye.

Program TR/MG was used to produce the pseudo-gravity
anomaly profiles shown in fig. 4.19 from the observed magnetic
anomalies, based on the IGRF, and for two different magnetisation
inclinations in the direction of true north. The pseudo-
gravity profiles show a striking difference between the north-
east and south-west sections, To the north-east, the positive
anomaly X on the gravity profile (fig. 4.18) is reproduced
quite accurately on the pseudo-gravity profile (fig. 4.19)
with the exception that slight phase discrepancies exist and
that the pseudo-gravity profile does not quite matech the
steep gradients between anomalies X and Y, from high to low.
However, the general agreement betweenﬂﬁbserved free air and
pseudo~gravity profiles is very close for the section of
anomalies: X and Y.

In contrast, the south-western half of line K is dominated
by a high amplitude long wavelength component in the pseudo-

gravity anomaly. Local features in the observed free air
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gravity profile are represented as inflections and secondary
peaks and troughs, superimposed on a broad positive pseudo~
gravity anomaly.

.The ratio of the amplitudes of the two major pseudo-
grévity anomalies. on line K is approximately 2:1, and this
contrasts: with the situation on the observed free air gravity
yprofile, and with that on the isostatic anomaly computed from
the Airy model of Bott et al. (1971). The amplitude ratio is
not significantly affected by a change in the specified angle
of inclination of the magnetisation vector, as is shown by the
two pseudo-gravity profiles. of fig. 4.19. The immediate
conclusion to be drawn from the pseudo~gravity profiles of
line K is that a relation does exist between gravity and
‘magnetic anomalies, but that this is obscured in part by a
long wavelength effective change in the value of the ratio p/J.

The NW - SE seismic refraction line 69/2 of Bott et al.
(1971) crosses line K just to the south-west of gravity high X
(figs. 1.4 and 1.5), and interpretation of the seismic data
includes another step or ridge in layer 2. Thus, the
correspondence of inflections: and peaks in the pseudo-gravity
profile is identified with topography on the layer 1/layer 2
interface.

Gravity anomaly Y (fig. 4.20B) is an important feature in
this correspondence between magnetic and gravity anomalies.
Bott et al. (1971) noted that the steep: gravity gradients
between anomalies X and Y necessitates that the associated
density contrast occurs at or close to the sea floor. The
plot of anomalous density in fig. 4.20C, as derived from the

Airy isostatic anomaly and defined by an equivalent layer between



Fig. 4,20: Line K.

Observed magnetic anomalies based on IGRF.

Observed free air gravity anomaly; dashed line is

satellite derived regional of +20mgal.

Isostatic anomaly calculated from Airy type model
of Bott et. al. (1971). Density distribution in

an equivalent layer between 0.5km and 2.5knm.

Distribution of maghetisation (dotted) and ratio

p/J (histogram) derived from anomalies of A and B,

Distribution of ratio p/J derived from anomalies

A and C.

Upper; t'correct! magnetic anomaly profile.
Lower; distribution of magnetisation (dotted)
and ratio p/J (histogram) derived from anomalies

of B and F.
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depths of 0.5 and 2.5km, shows that the magnitude of this
density contrast is O.5gm/cm3. Although this contrast would
seem to be rather high, confidence in the value is provided by
the interpretation of seismic refraction line 69/2 by Bott et ,
al. (1971). The intersection of line K with the north-weéfggﬁ
end of refraction line 69/2 occurs. at the minimum value for
free air gravity anomaly Y at +20mgal. The upper crustal
interpretation at the north-western end of seismic line 69/2
is for a thick trough of layer 1 rocks overlying layer 2.
Layer 1 has been identified here to consist entirely of the 1a
type, of P-velocity 3.24 % 0.35ku/s, and for a seismic model
containing a 'hidden' layer 3, these. low velocity rocks are
contained between depthe of 0.5km and 3.32 = 0.63km (Browitt,
1971), or approximately within the dimensions of the equivalent
layer used here, Even for an equivélent layer base at 3.5knm
the density contrast is as high as.O.Bng/cmB. Thus: a density
contrast of the order O.Bgm/cm3 may be identified with the
layer 1a/layer 2 interface, and with considerable significance.
All seismic velocities: on the Icéland-Faeroes Rise (Bott
et al., 1971) show a correlation with those of Iceland (Palmason,
1970), except that the Icelandic velocities are slightly lower,
which may reflect the younger age. In this context, and in
view of the high density contrast between layers 1a and 2, a
lithological correlation may be made between layer 1a on the
Iceland~Faeroes Rise and layer O in Iceland, for which
Palmason (1970) has suggested a density contrast with layer 2
of 0.2 - O.7gm/cm3. In Icelénd, layer O is restricted to the

Neo-volcanic Zone, and is composed of thin lava flows, volcanic

breccias and tuffs;, of maximum thickness 1.5km. Thus, the
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layer 1a trough of Bott et al. (1971) appears to be a wholly
Tertiary lithological equivalent of the Neo~volcanic Zone in
Iceland. A pyroclastic source structure was also suggested,
to explain the high wavenumber magnetic anomalies in association
with the free air gravity trough, by Dr. U. Fleischer of
Deutsches Hydrographisches Institut (personal communication,
1969) .

An equivalence in overall structure of the/Iceland—Faeroes
Rise to Iceiand was concluded by Bott et al, ({971), with a
possibly thicker crust for the former. A greater total
crustal thickness, and a thicker zone of 1ow-velo§ity pyroclastics.
may indicate that, whatever the mechanism responsible for the
igneous activity on Iceland, the Iceland-Faeroes Rise
represents an equivalent structure, in association with which,
the activity was more intense, or reached a more advanced

stage in development than that observed in present day Iceland.

The long wavelength effect.

The long wavelength effect that obscures the gravity and
magnetics. correspondence in the pseudo-gravity profile for
line K (fig. %.19) is evident in the plot of magnetic anomalies
based on the IGRF (fig. 4.204). The drastic effect of this
component on the distribution of magnetisation in an equivalent
layer is shown in fig. 4.20D, where the intensities associated
with the south-western flanking magnetic high are dominant.

The sharply peaked sections of the two p/J distributions
(figse. 4.20D and 4.20E) correspond in position with gradient
discrepancies and slight phase discrepancies, at low anomaly

values, in the correspondence of the free air and pseudo-
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gravity profiles (fig. 4.19).

To estimate the magnitude of the effect of the long
wavelength magnetic anomaly component on the distributions of
magnetisation and p/J, a 'corrected' magnetic anomaly profile
was prepared. The anomaly profile>of Fige. 4.20A was used,
and the IGRF background field was retained from Okm to 180km;
from 280km to the north-eastern end of the profile, a back-
ground field 200 gamma lower than the IGRF was specified, or
lover by the estimated amplitude of the disturbing long
wavelength component. Continuity between the two background
levels was obtained by use of a cosine taper over the
intervening 100kum. The 'corrected' anomaly profile is shown
in fig. 4.20F. Although this is a>somewhat arbitrary coanstruction,
it may be seen that in the ‘'corrected' distributions, the

intensity of magnetisation is approximately equal for both

large flanking highs, a condition that is suggested by the

density distribution (fig. 4.20C) for a strict correspondence
between gravity and magnetic anomalies. In addition, the sharp
peak in the p/J distribution is much reduced.

A tentative conclusion drawn from the results of this
approximate test, is that the effective change in p/J that is
evidént on the pseudo-gravity profile (fig. 4.19) is due to

a long wavelength change in magnetisation, rather than to

" major changes in depth or thickness of the principal source

layers. This conclusion is supported by the results of fourier
analysis.
Energy spectra and amplitude spectra were computed directly

for two partly overlapping sections of the magnetic anomaly
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profile of line K. Each section contained one of the two
major flanking anomalies plus the central region of high
wavenumber anomalies. The graphs in fig. 4.21 provide a
qualitative and semi~-quaifititative assessment of the source
depth distribution. The upper graph of fig. 4.21 shows a
log~plot of the energy spectra. According to Spector and Grant
(1970), the depth to the source of a band of magnetic anomaly
wavenumbers varies with wavenumber and as the gradient of the
log=-plot energy spectrunm. The plot for the north-eastern
enomaly section (fig. 4.21) appears to have a steeper gradient
fér lower wavenumbers than that for ﬁhe south-western section.
This may indicate the onset of sediment on the eastern parts
of the Iceland-Faeroes Rise (Jones et al., 1970), but both
log-plot energy spectra are rather flat and imply that there
are significant energy contributions which are not related to
differences in source depth.

The two-layer upper crustal structure for the Iceland-
Faeroes Rise'(Bott et al., 1971) makes the use of fourier
spectra rather dangerous in depth of source analyses when both
layer 1 and layer 2 contribute significantly to the observed
magnetic field. This consideration applies to the energy
spectra and to the plot of depth differences (fig. 4.2%),
calculated from the amplitude spectra of the two anomaly sections
of line K, by the method described in appendix G. However, the
main feature of the depth-difference plot (fig. 4.2é) is the
discontinuity at lower wavenumbers, which is considered to be
caused by the influence of a long wavelength magnetisation
change which is not related to changes in topography. The

same feature is represented by coincidence for the two anomaly
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sections at low wavenumbers on” the log-plot energy spectra.
Thus, there are indications of a long wavelength change
in magnetisation on line K that is independent of topography

and lithology.

4,2.2 Interpretation of data from line C.

Line C is of NW - SE trend (fig. 1.4), and gravity, magnetic
and bathymetric profiles are shown in fig. 4.22. A long
wvavelength component in the gravity profiles has been attributed
by Bott et al. (1971) to a change in depth to layer 3, from
about 7km north-west of 130km (fig. 4.22) to about 12km in the
south-east. Local gravity anomalies are preéumably related to
differences in lithology at the sea floor, such as represented
by sediment, layer 1g, layer 1b and layer 2.

A pseudo-gravity anomaly profile was computed from the
IGRF residual magnetic anomalies, and is shown together with
the free air anomaly in fig. 4.23. The pseudo-gravity ‘
anomaly shows wide variation in the value of the ratio¢;§;; in.
view of this, and of the variability and complexity of upper
crustal structure, a qualitative correlation was made of the
pseudo-gravity profile with the observed free air profile.
Correlation was based on phase relations and amplitude polarity
with respect to the local background field. In fig. 4.23,
the digit *1' denotes in-phase correlation, and the digit '0!
denotes anfi—phase correlation, There are two sets of |
correlation in fig. 4.23; the lower one is based on broad
features and groups of anomalies, while the upper correlation

is more detailed and includes some inflections as well as peaks
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and troughs, but is somewhat more uncertain.

It is considered that the alternating bands of in;phase
and anti-phase correlations must in part represent magnetisation
changes that are independent of lithology and topography. These
changes are also identified with the very long wavelength
magnetic anomaly component on line K, and thus the strike of
the magnetisation changes is subparallel to the trend of line
K, or approximately NE - SW. This is also the trend of magnetic
anomalies in the north-eastern section of the detailed survey
area (fig. 2.4), and approximately that of the Raff-Mason
type anomalies south of Iceland that are associated with sea-
floor spreading from the Reykjanes Ridge;

Thus, the magnetic anomaly field of the Ilceland-Faeroes
Rise may contain contributions from NE - SW zones of magnetisation,
each of which reflect the ambient geomagnetic field at the time
of formation of that part of the crust. This conclusion supports
the conclusion of Bott et al. (1971) that the Iceland-Faeroes
Rise was formed by sea-floor spreading, albeit of an anomalous

typeQ

- he2.3 Conclusions.

a) The magnetic anomaly field on NE - SW profiles is
controlled mainly by the layer 1/layer 2 interface.

b) A thick trough of low P - wvelocity voleanic rocks,
similar in lithology to layer O of the Neo-volcanic Zone in
Iceland, is present on the crest of the Iceland-Faeroes Rise,
and is of N - S or NNW - SSE strike direction.

c) NE - 8W zones of remanent magnetisation may exist
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as indicative of an anomalous type of sea-floor spreading,

by which process the Iceland-Faeroes Rise was formed.

4,3 General discussion and recommendations.

The Iceland-Faeroes Rise is almost certainly younger than
the basalt formation of the Faeroe Island. This is supported
indirectly by a reconstruction of the pre-drift continental
fit between Greenland and Europe, including the Faeroe Islands
(Bott and Watts, 1970b). The considerable quantities of
positive magnetisation in the interpretations of this work
differentiate the Iceland~Faeroes Rise from the basalt pile
of the Faeroe Islands, which is considered to be mainly of
reversed magnetisation (Abrahamsen, 1967; Tarling and Gale, 1968).

If the NE - SW zones of magnetisation changes are closely
associated with an anomalous type of sea-floor spreading,
then this process would appear to have taken place in a direction
at a significant angle to the structural trend of the upper
crust, as defined by the eastern margin of the regional high
(fige. 2.4) and the main trend of aeromagnetic anomalies (fig. 1.3)
In the formation of crustal units of N - S trend, in chronological
units of NE - SW trend, NW - SE fractures which parallel the
Faeroes fjord system, and which might be represented in the
" detailed survey area by low k (figs. 2.3 and 2.4), could have
played a significant role. Hald et al. (1969) coficluded that
the thick Kakksvik flow in the Faeroes was built up in units
produced from individual centres of activity on NW - SE fissures
at different times. However, the extent and significance of the

NW - SE. fractures remains uncertain, both in Iceland and the
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Faeroe Islands,

If the trough of low P - velocity volcanic rocks on the
Iceland-Faeroes Rise is a true Tertiary equivalent of the
Neo~volcanic Zone in Iceland, then there are serious difficulties
in the hypothesis of a continuous spreading relation between the
two (Bott et al., 1971). The presence of such a feature is
indicative of at least one major discontinuity of spreading
in the area, after which the axis of activity migrated to the
site of present day Iceland. This major discontinuity may
have been associated with the migration of the spreading axis:
in the north, from the east side to thé west side of the
South Jan Mayen Ridge (Vogt et al., 1970).

At the northern end of the Iceland-Faeroes. Rise, the
aeromagnetic map (fig. 1.3) shows that the short wavelength
magnetic anomalies, except those on the Icelandic shelf area,
are associated with an apparent northward continuation to the
east of the aseismic South Jan Mayen Ridge. These latitudes,
at 64°N and 65°N, have been associated with major E - W
transform faults in Iceland (Ward et al., 1969; Sigurdsson,
1970) . The whole lateral ridge system, from Greenland to
Scotland, is probably constructed on a number of such faults,
many of which may have lost their former functionm.

Generally, the uncertainty in the present interpretations
is due to a lack of control and supporting data, and the following
investigations are recommended:

a) Detailed gravity, magnetic and seismic measurements
in the Greenland-Iceland fegion.

b) Investigation of the region of junction of Iceland

with the Iceland-Faeroes Rise by gravity, seismic reflection
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and refraction methods.

c) Investigations of the proposed E - W transform
faults eastjiiand south-east of Iceland, including a bathymetric
feature which crosses the whole area in fig. 1.4 at 63°N, and
is approximately of WNW -~ ESE trend.

d) Investigation of the areal extent of Tertiary
igneous activity between western Britain and the Wyville-
Thompson Ridge.

e) Theoretical studies on stress and plastic flow
conditions at the base of the thickened crust beneath mountain
chains, when these are cut obliquely by developing oceans,

The Caledonian Front crosses the break in slope at the continental
edge on the latitude of the Faeroes in the pre-drift reconstruction

of Bott and Watts (1970b).
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CHAPTER FIVE

GRAVITY AND MAGNETIC ANOMALIES OF THE SCOTTISH

CONTINENTAL SHELF AREA

‘ This chapter deals with data collected by the Durham group
during geophysical surveys in 1967, 1968 and 1970. All anomaly
profiles described in this chapter have been presented previously
by other authors, but they provide further testing of the joint
analysis programs with real data in the light of existing

interpretations.

5.1 The Faeroes-Shetland Channel

The Faeroes-Shetland Channel is a NE - SW region of deep
water, average depth 900~-1000 metres, which separates the
Hebridean-Shetland continental shelf from the Faeroes 'shelf’
area (fig 1.1). On the aeromagnetic map (Avery et al., 1968),
the Faeroes-Shetland Channel is characterised by broad magnetic
anomalies of general strike direction parallel to the bathymetric
trend.

The measured gravity, magneftic and bathymetric profiles
shown in fig 5.1 have been presented and discussed by Bott and
Watts (1970Db). These authors interpreted the regional high
Bouguer gravity values over the centre of the Faeroes-Shetland
Channel as caused by crustal thinning to 19%km, or by about 6km
relative to the thickness of the crust beneath the shelf areas
on both sides.

An investigation of the relation between gravity and
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magnetic anomalies over the Faeroes-Shetland Channel should
assist in determining the origin of this feature, If the
magnetic anomalies show a significant independence of the local
gravity anomalies the interpretation may be that the former
reflect changes in intensity of magnetisation only, which are
unrelated to lateral density changes; in this case, the
Faeroes-Shetland Channel may be of oceanic origin, with a
formation due to sea-floor spreading from an axis that ceased
activity or migrated soon after its initial development. The
crustal thickness (Bott and Watts, 1970b) suggests that if
spreading did take place, it was anomalous in character, such
as that responsible for the Iceland-Faeroes Rise (Bott et al.,
1971) . Bidston (1970) made a study of the magnetic anomalies
in the Faeroes-Shetland Channel, and concluded that the basement
could be compared to that of adjacent continental areas.

In the present study, program TR/MG was used to produce
a pseudo-gravity anomaly from the observed magnetic anomaly
(fig 5.1). The anomaly profiles of fig 5.1 are not ideal for
this purpose as they do not include significant local gravity
and magnetic anomalies which are present in the data of the more
northerly Durham traverses across the Faeroes-Shetland Channel.
Unfortunately, magnetic data from the other traverses were not
available, and the present study is rather limited due to the
low amplitude of local anomalies on the profiles in fig 5.1

Both types of anomaly are affected by sediment distribution;.
the short wavelength components in the observed magnetic anomaly
are attenuated on the Faeroes 'shelf' as the basaltic basement

dips south-east beneath a thickening wedge of sediment from
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point X in fig 5.1 (Bott and Watts, 1970b). Thick sediment
is also present on the Hebridean continental slope (Stride et
ale, 1969). 1In the centre of the Channel, sediment thickness
is uncertain,

As the observed magnetic anomaly is predominantly of
negative sign relative to the IGRF, and particularly for the
long wavelength components, the unscaled pseudo-gravity
anomaly is wholly negative (fig 5.1). Close inspeition reveals
that local features on the pseudo-gravity profile ?g}ror image
similar features on the observed free-air and Bouguer gravity
profile; these are indicated by arrow in fig 5.1. Thus, the
pseundo-gravity anomaly indicates that topography on a
negatively magnetised basement is the major source of magnetic
anomalies: on this profile across the Faeroes-Shetland Channel,
and in this respect, the results here are evidence in support
of Bidston (1970).

Magnetic anomaly 'S! (fig 5.1) produces a large pseudo-
gravity anomaly, but is not represented on the observed free-
air gravity.profile, and thus the density contrast associated
with this change in magnetisation must be very sméll. If a
small depression of 2-3mgal in the observed free-air gravity
field is assumed to be the gravitational expreésion of magnetic
anomaly S, then a minimum value for J/p is -0.1, in contrast
to approximately -0,005 for other features on the profile.
Magnetic anomaly S may have chronological significance, either
as the magnetisation contrast between rock suites of different
ages on the inmer and oufer sections of the Faeroes shelf, or
as a small local intrusion in the basement. The evidence here

is limited, but in view of the high value J/p, it is
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certain that the magnetisation contrast is not associated with
a rock type that differs significantl§2g§g;&that of the main
basement on the Faeroes shelf.

Although full data for other traverses were not available,
a fragment from the adjacent profile to the north was obtained.
This magnetic aata includes one of the prominant local anomalies
that are present on three of the five Durham traverses across
the Faerce-Shetland Channel. This anomaly and its pseudo-
gravity transformation are shown in fig 5.2 together with a
copy of the small Bcalé prlot of the whole profile, taken from
Watts (1970). Detailed gravity data was not available; but it
can be seen that although the pseudo-gravity anomaly is of the
same width as the observed local Bouguer anomaly, it does not
match the flat-topped shape of the latter. Thus, it seems that
gravity and magnetic sources are not sirictly coincident for
this feature. For an estimated local gravity amplitude of
%0 - L4Omgal, the J/p ratio value is approximately +0.007, and
this positive correlation of density and magnetisation differs
from the negative correlation for the more southerly profile
(fig 5.1).

The limited evidence from the available data does not

permit any firm conclusion,,

continental or oceanic origin is not resolved.

5.2 The Hebridean-~Shetland Shelf gravity high 'A!

The gravity map of the Hebridean-Shetland continental
shelf region, presented by Bott and Watts (1970b), shows a

large gravity high of NE - SW or NNE - S8W trend, west of the
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Shetland Islands, and which meets the 100 fathom bathymetric
contour at an angle of 10-15° north of the Shetlands. The
anomaly is 40km to 50km wide and was interpreted as caused by
the presence of high density Lewisian basement rocks outcropping
at the sea floor (Bott and Watts, 1970b), similar in properties
to the pyroxene granulites of Scourie on the mainland of north-
west Scotland (Watts, 1970).

Gravity and magnetic profiles across this feature, high 'A',
are shown in figs 5.3 and 5.4. The magnetic field is
particularly active over high 'A! aﬁd behaves in a special way;
the rapid attenuation of magnetic anomalies away from gravity
maxima, particularly on the more northerly traverse (fig 5.4),
and the general predominance of short wavelength components
indicate that the distribution of magnetisation is confined to
the uppermost sections of the body causing the gravity anomaly,

or alternatively, that the magnetic anomalies are caused by

thin .
th%;?vertical strips of moderately high intensity or magnetisation

within a main structure of lesser magnetisation. In either case,

the geological situation is unusual in continental terrain.

The thin vertical strip interpretation wag adopted for further
study as this is convenient for methods based on the linear
inverse technique. On both profiles (figs 5.3 and 5.4), there
is a subsidiary gravity high to the west of the main high ‘A*,
from which it is separated by low E, one of the postulated shelf
sedimentary Bgsins (Bott and Watts, 1970a). Low 'E' has been
interpreted as a basin extending to a maximum depth of
approximately S5km (Watts, 1970), and this depth was used as the

base of the equivalent layer.
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gravity high A

Fig 5.3 Hebridean-Shetland Shelf, part of line C-C!.



Fig., 5.4. Gravity high A,

Observed gravity and magnetic anomalies.

Density distribution.

Distribution of J/p values; values between dashed
vertical lines, s&xcept those circled, used in
fitting a second order polynomial by least squares.

J/p polynomial values; topographic component.

Values of magnetisation corresponding to polynomial

distribution of J/p.

Residual distribution of magnetisation, non -

topographic component.
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Program SBETA was used to obtain the angle of magnetisation
from the profiles in fig 5.3, assuming a single value of J/p
for the whole structure. An average magnetisation inclination
of 80° was obtained in association with an average value of
0.004 for J/p. If the direction of magnetisation is that of
true north, then the inclinatioﬁ in this direction is

approximately 77°, or close to the 740 inclination of the

bresent earth's field west of Shetland. This angle was used
in further‘computations.
The Bouguer gravity anomaly profile in fig S.4 is based

on a background field that approximately produces only positive
gnomalies and is assumed to reflect lateral variations in
AQnsity above the 5km base level of the postulated sedimentary
bésin beneath low L.

| There is considerable woscillation in the J/p values over
‘sections of low anomaly amplitudes (fig 5.4C), but the
distribution is relatively stable over high A and the subsidiary
grévity high to the west, high R. The J/p ratio value for high
A lies in the range 0.001-0.002 for the bulk of the structure,
band is approximately 0.005 for high R. Intensities of
magnetisation, computed from these values and the associated
deﬁsity values (fig 5.4B), are 0.001cgs for high R, and in
the range 0.005 - 0.001¢cgs for the main part of high A. Thus,
high A and high R may be caused by ridges of the same rock
type, but at a greater depth beneath the latter anomaly. In
the same way, the more highly magnetic sections of high A are
associated with positive and negative J/p ratio values of at

least 0.008, and the intensity of magnetisation is calculated
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at 0.005cgs. Thus, if the high amplitude, short wavelength
magnetic anomaly over gravity high A (fig 5.4A) is due to
narrow zones of higher intensity of magnetisation, this is
approximately five times that of the intensity of the main
structure.

An additional estimate of the relative intensities of
magnetisation within the structure causing high A was made by
an automated method. It was notedAin chapter three that the
equivalent layer distribution of J/p for simple bodies such as
that in figs 3.6 and 3.9 could be approximated quite accurately
by the fit of a second order polynomial. In the present case,
a polynomial was fitted to the J/p values between the dashed
vertical lines in fig 5.4C, but excluding the circled values.
The J/p polynomial values are shown in fig 5.4D, and the
corresponding magnetisation values are shown in fig 5.4E. if
these distributions are assumed to reflect the effects of
topography that is not represented in the equivalent layer,
then the residual distribution of magnetisation (fig S5.4F)
contains the extra intensities which are not related to lateral
variations in density. Here, the residual magnetisations are
of the order * 0.003%cgs; this is probably a minimum value as
the distributions of J/p and p/J tend to flatten over the
region of the true body (figs 3.6 and 3.7).

Thus, the sources of short wavelength magnetic anomalies
in figs S5.4A are from two to five times as magnetic as the
main structure of high A.

A feasible geological explanation of this situation,
within the general metamorphic concept for high A, is difficult.

A possibility is that the higher magnetisations are associated
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with small lenses of basic and ultrabasic ortho-gneiss at a
high level in the basement, as have been recognised in north-

west Scotland (Phemister, 1960).

5e¢3 Gravity low 'F!', south-west of Shetland.

In July, 1970, as part of a geophysical sufvey conducted
by thé Durham group from RRS John Murray, a study was made of
an area immediately south-west of the main island of Shetland.
Seismic refraction and reflection lines, and gravity and
magnetic measurements were made in the region of a NNE -~ SSW
gravity low, low 'F', south of the Walls Peninsula, and west
of the Walls Boundary Fault and the Dunrossness Peninsula.
The gravity low has been presented previously (Bott and Watts,
1970b), and with interpretation (Browitt, 1971).

West of the N « 8 Walls Boundary Fault, on the main
island of Shetland, granite sheets and diorite intrude a
syiform of 014 Red Sandstone Rocks on the Walls Peninsula,
and according to Finlay (1930) the whole Walls Peninsula
complex is underlain by granite, grading downwards into gabbro.
McQuillin and Brooks (1967) suggest, on the basis of gravity
and magnetic data, that the Walls Boundary Fault is a major
tear fault.

East of the Walls Boundary Fault, and west of the sub-
parallel Whalsey-Clift Sound Dislocation, is a region of
schists, migmatites and gneisses, while further south-east
on the Dunrossness Peninsula, the predominant rock typé is
phyllite, with Old Red Sandstone and granite.

Thus, the southern part of Shetland is composed of these
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three geological units in N - S or NNE - SSW zones.

The datae frém a partly reversed seismic refraction line,
recorded along the strike of the NNE - SSW grévity low, have
been interpreted by Browitt (1971) in terms of a layer of
thickness 1.2km, underlain by material with a P-velocity of

(dentifie
5.16kn/s. Browitt's interpretation é&e&i%éieé the upper
layer as a basin of Permian and post-Permian sediments, and
the lower layer was considered to be consistent with granite
confaining blocks of 0ld Red Sandstone, or an extrapolation
of the exposed geology of the Walls Peninsula.

The seismic refraction interpretation is similar to that
inferred from seismic reflection (fig 5.5B), gravity and
magnetic data (fig 5.5), collected on an & ~ W line perpendicular
to the trend of gravity low, between coordinates 59°48'N,

1 ¥
00°57'W and 59°46 N, 02°16 W, and passing about 10km south of

Sumburgh Head at its eastern end. The notation on the seismic
reflection summary is that of Browitt (1971), and used ‘'sed!'
for sections of the record that show continuous sedimentary
layering, 'base' for a structureless reflector which presumably
represents basement outcrop and 'int!' forrsectioﬁ§ of the
record which show intermittent layering within material with
basement features. The category 'int' was considered by
Browitt to represent blocks of sedimentary strata surrounded by
granite. The zone of apparent vertical banding, denoted by
'm' was considered by the same author to be the mylonitised
zone of the southward continuation of the Walls Boundary Fault.
The density model (fig 5.5D) is also due to Browitt who

attributed the subsidiery gravity low in the east to a basin of



Fig., 5.5. South-west Shetland.

Observed gravity and magnetic anomalies,
Seismic reflection summary (after Browitt, 1971).
Bathymetry.

Density model, interpretation of fthe observed

gravity anomaly (after Browitt, 1971).

Block distribution of density and J/p values

within an equivalent layer.
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0ld Red Sandstone rocks.

Fig 5.5F shows plots of density and J/p within an
equivalent layer extending to a depth of 1.5km, or to the
depth of the low density basin west of the mylonite zone
(fig 5.5D). The character of the J/p plot is significantly
different on either side of the mylonitised zone; to the east
the J/p distribution varies in the same way as that of density,
while to the west, values of J/p remain very low and are
independent of density variations. There is no distinction
on the J/p plot between seismic reflection 'sed' and 'base!
categories west of the mylonite =zone. Thus, in the absence
of prior interpretations, the conclusion would be reached that
the mylonite zone separated two geological areas of fundamentally
different basement rocks; the basement to the east might be
interpreted as of basic igneous or metamorphic origin, and
that to the west as ancient sediments or, as in section 4.1.2,
" of granitic composition. This is a controlled demonstration
of how the J/p and density plots can be used for a semi-
quantitative structural interpretation. Values of density
depend on the configuration of the equivalent layer, and the
general use of J/p values as rock type diagnostic tools depends
on sufficient use of the method in areas of géod geological

control to provide a supply of calibrating values.
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APPENDIX A

The computer progzam SPHEL (standard form),

A marine magnetic data reduction program, written in

PL/1l for use on the N,U.M.A,C, IBM 360/67.

Input and declaration structure,

L, M are the dimensions of arrays used in the least-squares

derivation of a regional fiéld, and are of unspecified at

this stage.

BEGIN; L,M are assigned as dimensions of arrays in

succeeding declarations., At this stage L, M are still unspecified

but are designated as controlled (CTL), and are fixed at a

latef stage.

LA:

LI:

L2:

L3:

countingAnavigation fixes as read in.
reading in navigation cards with:
ACI) time as an integer day and a decimal fraction
of a day
SLA(L) 1latitude.
SLO(IL) longitude.
WR(I) IGRF at fix (SLA(I), SLO(I)).
total number of navigation fixes.
magnetic data 5lock headings with:
TDL, TD2 day number at start and finish of block.

TH1, THz time in hours at start and finish-of block.
™i, T2 time in minutes at start and finish of block.

reading in digitised total field magnetic data.

GAM measured total field.



FRAC decimal fraction of time duration of block.

General procedure.,

L5, L6, L7, L8, L9: assignment of geographical coordinates
and a value of the IGRF to each digitised station point. The
assignment is effected by linear interpolation to correlate
the start and finish of each data block with the navigation
fix record, thence each digitised point is supplied with
coordinates by use of the decimal fracfion of the total duration

of the block. The IGRF is subtracted from each measured total

field value to produce a residual anomaly.

L10: total number of digltised anomaly values,

Variables L and M are fixed, and the values are allocated to
dimension the dependent arrays. Calculation of distances and
azimuths of anomaly stations by a calll to subroutine DISAZ.
L1ll: ' setting up arrays for least-squares subroutine,
Calculation of a second set of residual anomalies by fitting
a line to the measured total field data reduced to a base
level of 50,000 gamma. Line fitted by a call to the least-

squares subroutine LLSQ. Printout of data and punched card

output.

Subroutine DISAZ.

DISAZ was written by Hutton (1970) and computes the distance
and azimuth on the spheroid between two given points of latitude

and longitude. The procedure is based on the formulation given

in the Admiralty Manual of Hydrographic Surveying, Vol. 1,



1965. The figure of the earth is taken from that given by

Hayford (1910).

Subroutine LLSQ (IBM, 1968).

A standard subroutine of the IBM. Scientific Subroutine

Package to obtain the solution of linear least-squares problems.

In general form, a solution is required to the system of

equations defined by

where 4 is a real m by n matrix of rank n(m > n), B is
a system of column vectors of dimension m, and X is a system

of column vectors of dimension m to be determined such that

the sum of residuals

}/Bj - A ¥ ij/== N/Fggg;;; is a minimum;
i=

where j= l.....K, the number of column vectors.

The general call to LLSQ is,

CALL 1LLSQ (A,B,M,N,L,X,IPIV,EPS,IER,AUX)

A M xN)coefficient matrix, destroyed in LLSQ.

B (M x L) right hand side matrix, destroyed in LLSQ.
X (N x L) solution matrix,

IPIV  dinteger output vector of dimension N of tich the

last ¥ - K elements denote the useless columns of matrix A,

where K is the rank of matrix A when found to be less than N

but greater -than-0s

EPS  input parameterISPecifying relative tolerance for



determination of the rank of matrix A.
IER error parameter,
AUX auxiliary storage array of dimension (2 = N, LJ.
LLSQ is a Fortran subroutine, and its use in a PL/1
calling program necessitates that rows and columns of arrays

be interchanged to suit the Fortran storage mode,



PHEL:

PROC OPTIONS(MAIN);

SPHEL: PROC OPTIONS(NAIN);
DCL {LyM) FIXED BIN(31);
BEGIN; :
DCL {(IyJyKyNyCOUNT,,IG,IW) FIXED BIN(31);
DCL (TD1,TD2,THL1,TH2,TM1,TN2) FLOAT;
DCL (RDyXXyFlyF2,FRACyT1,T2,TT,DLA1,DLO1,FR1,RLAL,RLOL,DLA2,0L02,
FR2 yRLA2 yRLC2 s LAT,LCN,EPS, IER, GAM) FLOAT;
DCL (A, SLD, SLA)(100) FLOAT;
CCL (GLA,GLO,AUA)(12C0) FLOAT;
DCL (ANCPM,AC,X) (L) CTL;
DCL (AR(MyL) 9S{NM) yXPIVIM) AUX(2%M)) CTL;
DCL (DWR1,DWR2,RWR1,RWR2,WWR) FLOAT;
DCL GRR{1200) FLOAT;
DCL WR(100);
DCL IN FIXED BIN(31);
CCL NAME CHAR{25);
DCL (ANY) FILE GUTPUT STREAM;
GET LIST(NAME);
1=0;
LAz I=141;
LL1:GET LIST(A(I),SLA(I)+SLO(I)WR(I));
IF A(I)<0 THEN GO TO L2;
ELSE DO;
PUT SKIP LIST(A(I)ySLA(I)SLO(I),WR(I));
GO TQ LA; END;
L2t I=1=1;
N=I; '
COUNT=0; ’
PUT PAGE EDIT('LAT','LONG*, *GAMMA') (SKIP{2) 4X{17) sAX(6)9AsX(6),
A)s :

PUT SKIP(2); A '
L3:GET LIST(TD1,THL,TM1, TDZ’THZ,TMZ;XFI)XFZ)’
IF TD1=0 THEN GO TO L109
ELSE GO TO L4, '
L43GET LIST(GAN,FRAC); !
IF GAM=0 & ((FRAC- 0.COOOOI)<C) THEN GO TO L3;
ELSE DO; \
COUNT=CCUNT+13
T1=TD1+TH1/24+TM1/1440;
T2=TD2+TH2/24+TM2/1440;
TT=T1+((T2~ Tl)*FRAC)-
J 0;
=0;
L5: J J+13
IF ABS{A(J}-T1)<0,0001 THEN CO TO Lé63s
ELSE IF A{(J)<T1 THEN GQ TO LS5; ‘
ELSE IF T1<A(J) THEN DO;
CLAL=SLA(J)=-SLA{J=-1);
DLOL=SLO(J)=SLO(J~1)}s
"DWRI=WR(J}=WR({J=1)3
FRI=(T1=-A(J=1))/(A(J)- A(J-l));
RLAL=SLA(J=1)+(FR1*%CLALl);
RLOL=SLO(J=1)+ (FR1¥DLOL)3
RWRLI=WR{J=1)+(FR1*DWRL);
GQ TC L7;
END;



HEL:

PROC OPTIONS(MAIN)

ELSE PUT EDIT('ERROR IN SORTING ARRAY')(SKIP X(2)3,A(24) )

L6:RLAL=SLA(Y) ;

RLOL=SLO(J);
RWRI=WR({ J);
L7:K=K+13; '
IF ABS(A(K)=T2)<0,0001 THEN GO TO L8;
ELSE IF A(K)<T2 THEN GO TO L7
ELSE IF T2<A(K) THEN DO;
DLA2=SLA(K)=SLA(K-1);
DLC2=SLO(K)=SLO(K=1)3
DWR2=WR(K)}=WR({K=1)3;
FR2={T2=A(K=1)})/{A(K)~ A(K-l)),
RLA2=SLA(K=1)+(FR2*DLA2);
RLOZ2=SLO(K=1)+{(FR2%DL0O2); .
RWR2=WR{K=1)+{FR2%DWR2) ;
GO TG L9;
END3 '
ELSE PUT EDIT(*ERROR IN SORTING ARRAY')(SKIP X(2)Y,A(24) )3

LB:RLAZ2=SLA(K);

RLC2=SLO(K);
RWR2=WR (K}

LIt LAT=RLA1+(FRAC*({RLA2~RLALl));
LON=RLO1+{FRAC*(RLO2=RLO1));
WWR= RWR1+(FRAC*(RWR2~RWR1));
AUA{COUNT)=GAM;

GLA (COUNT)=LAT;

GLC(CCUNT)=LCN;

GRR(COUNT) =GAM=WWR;

PUT SKIP EDIT(LAT,LON GAM,th)(X(l3),F(lO,5),F(lOyS)yF(?,O).X(B):

F(7,0));

GO TC L4,

CHD 5
L10:L=COUNT; M=2;

ALLGCCATE ANCM,X;

ALLOCATE ARySsXPIV,AUX,ACS

DO I=1 TO L;

ANOM(I)=AUA(TI);

END3

PUT PAGE LIST{(NAME);

PUT SKIP(1);

/* CALCULATION OF DISTANCES BETWEEN STATIONS */

PUT SKIP(2);

X=03 :

00 I=2 TQ L; XX=0; '

CALL DISAZ(GLA(I-I),GLO(I-I) GLA(I), GLO(I),XX),

XD =X(I=1)+XX; .

END; ; i

PUT SKIP(2); '

/% EVALUATION OF LEAST-SQUARES REGIONAL */
LI1:AR(1,%)=1;

DO I=1 TO L;

AR(2,I})=X(1); ‘

AC(I)=ANOM(I); : :

END; S < : \




HEL:

PROC CPTIONS(MAIN);

IG=2; IW=1; EPS=0.,0001;

PUT LISTA(TINE)SKIP;

CALL LLSQCAR{Ly1) ANOM(1) oL oyIQoIW,S(L)yXPIV(1)EPSyTER,AUX(1));}
PUT LIST(TIME)SKIP;

PUT LIST(IER)ISKIP;

PUT LIST(S)SKIP; ' '

PUT EDIT('DISTANCE', '"TOTAL INTENSITY',*REGIONAL' 4*RESIDUAL" )(SKIP(
21X (T ) AgX(3)9AsX{3)9AsX(4)5A);

DC I=1 TC L; .

RO=S(1)+S(2)%X(1);

RESID=AC{I)=RD;

PUT EDITU(IX(I),AC(I)yRCyRESIDyGRRII))I(SKIPyF(4)9X(3)9F(8y3),
X(7)yF(?yl)1X(8)yF(711)7X(4):F(7y1)1X(4)pF(l,l)),

PUT FILE (AMY) EDIT(I¢#X(I)sGLA(I),GLO(TI)HAC(I)RESID,GRR(I))
(X(2)yF(4)F(B93)9F(14,6), F{14,6),F(9):F(9),F(9));

END3

PUT EDIT('REGIONAL AT FALSE CRIGIN=' ,S(l))(SKIP(Z)aApF(B 1));

PUT EDIT('REGIONAL GRADIENT ALONG X AXIS=',S5(2))(SKIP4yA,F(11,6));
GO TC FIN;

DISAZ: PROCEDURE(ALAT,ALON,BLAT, BLON DIS);

DECLARE (AB,ALAT, ALON;AZ,BLAT.BLDN CA,CHORD,DIS,GByPyRySAyUA,UByV,
XAyXBsYA,YByZA,1B)3

UA=ATAN(Qo996633*TAND(ALAT));

UB=ATAN{0.99€6633*TAND(BLAT)); '
GB=((0. 993?7733*TAN(UB))/TAN(UA))+((0.00672267)*C05(LA))/COS(UB),
AL= ATAND((SIND(ALON-BLDN));(SIND(ALAT)*(COSD(ALON—BLON)-(GB)))),
PUT LIST(AZ); :

SA=SIND(AZ);

CA=CCSD(AZ);

XA=(6378388)*C0OS(UA)*COSD(ALCN);
YA=(6378388)*%COS(UA)*SIND(ALON);

ZA=(6356912)*SIN(UA) ;S

XB=(6378388)*%C0S{UB)*COSC(BLCN);
YB=(6378388)*C0OS(UB)*SIND(BLCN);

IB=(6356912 )*SIN(UB);

CHCRD=SQRT( (XA=XB)#%2+(YA=YB ) *%2+(ZA~IB )*%*2) 3
AB=SIND((ALAT+BLAT) /2);
V=(6378388)/SQRT(1=(0s0067226T7)*(AB**2));
P=((V)*(1=0,0672267))/(1={0.006T72267)*(AB**2));
R=((PIR(V)) /(PR (SAXR2)+V*(CAX%2) )3
DIS=(((CHORD)*%3)/(24%( (R)*%2)) )+ (3% (CHGRD)*%5) )/ (640%((R)**4));
DIS=CIS+CHORC; DIS=DIS/1000; END DISAZ;

FIN:END; /% ENC=~BEGIN */

END SPHEL;



APPENDIX B

The computer program TR/GM.

TR/GM transforms a gravity anomaly into a magnetic anomaly.
The program is written in PL/1l for use on the N,U,M,A.C.

IBM 360/67.

Input and declaration sructure.

L

N  number of station points.
M number of block edges, number of blocks minus one,
BEGIN; arpays are dimensioned by the input values of

N and M

LI: HM, HE, ALFM, ALFE are the dips and azimuths of

body magnetisation and the earth's filed; measured in degrees.
Inclinations are measured positive from the horizontal, with
increasing distance, downwards; azimuths are measured positive
from the strike of the body, assumed perpendicular to the
anomaly profile, towards the positive X - axis (anticlockwise).

These angles are then transformed into the plane of the

anomaly profile to produce the compositie angle B.
L2

VA anomaly station height, sea level = 0,
SDAT ~1; regularly spaced stations,

SDAT 1l; irregularly spaced stations.

X0 anomaly station origin.
XSTEP anomaly station spacing.

X8 calculated or input array of anomaly station

distances,



4T

ZB
BXO
BSTEP

BX

IJF =

IJF =

Calculation of

array of observed gravity anomaly values,

depth to upper surface of equivalent layer.

depth to lower surface of equivalent layer.

origin on x - axis of equivalent layer.

width of block elements of eguivalent layer.
calculated array of x - coordinates for block

edges.

~1l; program terminates after effecting transformation

gravity to magnetics,

1; separation of magnetic anomaly components by

use of a least-squares scaling equation,

gravity kernel matrix elements,

GK

gravity kernel matrix of dimension (M - 1, N),

initially set to =ro.

The calculation is based on program GRAVN (Bott, 1969a)

in the modified form due to Laving (1971).

Solving for a block distribution of density.

L33

EPS, IW, IQ tolerance parameter and dimensions of

arrays in LLSQ (see appendix A).

A density distribution is obtained by a call to LLSQ.

S5 solution array of length (M - 1), containing

values for the density distribution,



Calculation of the pseudo - magnetic anomaly.

L6: The set of statements to calculate the magnetic
kernel matrix elements are those of Hutton (1970), but modified
for the simpler situation of an equivalent layer divided into
block elements of rectangular cvoss - section,

GK magnetic kernel matrix of dimension (M - 1, N).

The elements of the kernel matrix are then multiplied by
the eleménts or array S8 and summed to produce a pseudo =

maghetic anomaly at each station point for a conventional

value of J/p 1.

Separation of magnetic anomaly components,

L7: IJF = 1: proceed with separation,
DB array of observed maghetic anomalies.
RR array of ratios observed/pseudo - magnefic

anomalies.
A line is now fitted to the values of RR with distance by
a call to the least-squares subroutine LLSQ.
SR array of length (2) containing intercept
and gradient of scaling operation.
RAT scaling parameter at each g£ation point.
CALC value of the sca}ed pseudo -~ magnetic
anomaly at each point,

RES value of residual anomaly, observed minhus
scaled pseudo - magnetic anomaly at

each point.



'3 PROC OPTIONS{MAIN);

TR/GM: PROC OPTIONS(MAIN);
/% Ao INGLES 1970, GRAVITY=MAGNETICS TRANSFORM, %/
DCL (I,3J9KyLoMyN) FIXED BIN(31);
CCL NAME CHAR(25);
GET LIST (NAME);
PUT PAGE LIST (NAME);
GET LIST(M,M);
BEGIN;
DCL ((XSyDGIIN) g GK(M=LyN)y (XsZ)(5)9y(SyCI(4)yBX(M),
(SSyIPIV)(M=1),AUX(2%(M=1))) FLCAT;
DCL ((DByRR)(N)+BE2,N) 3 {SRyIPAV)(2),AAX{4)) FLOAT;
DCL (RAT,CALC,RES) FLOAT;
DCL (HM,HE yALFM,ALFE A,HHE,FFM, BETA,CBETA,SBETA,SDAT +X0Oy» XSTEP 425,
LT ZBsBXOyBSTEP yGOHy X1 ¢y ZL 4 RLyFIL1 9y X29Z21R29FI2yH s WyCA9CBySX9XSA,
XSByZ2SAZCLyEEYRANRB, TA;TB TTyTBA, THETA,MAG) PLOAT,
DCL KK FIXED BIN(31); i
DCL EPS FLOAT; ;
CCL{IER, IQy IW) FIXED BIN(31); ‘ @
DCL IJF FIXEC BIN(31);
DCL LINK LABEL;
L1:GET LIST(HM,HE,ALFM,ALFE);
A= SQRT((((CDSD(HE))**2)*((SIND(ALFE))**2)+(SIND(HE))**2)*(((COSD(
HM) Y2 )3 ( (SIND(ALFM) ) %%2 )+ (SIND(HEM) ) *%2));
HHE=ATAND(SIND(HE) ,COSD(HE)*SIND(ALFE) )3
HHM=ATAND(SIND(HM) COSD(HM)*SIND(ALFM));
BETA= (HHE+HHM);
CBETA=20C000,0%CCSD(BETA); ,
SBETA=200000,0*SIND(BETA);
PUT ECIT('BETA=',BETA)(SKIP(2),A(5)4F(752));
/1% ‘ %*/
L2:GET LIST(ZS,SDAT) ;. :
IF SCAT<0 THEN DO;
GET LIST(XQO,XSTEP);
DO I=1 TO N;
XS{I)=X0+(I-1)*XSTEP;
GET LIST(DG(I));
PUT LISTIDG(I));
_END;
ENC;
ELSE DO I=1 TO N;
GET LIST (XS{I),DG(I));
END ;
L3:CGET LIST(ZT,1B,BX0,BSTEP);
DO J=1 TO M;
BX(J)=BXO+(J-1)*BSTEP;
ENC;
PUT EDIT(*BLOCK=LAYER REPRESENTATION®)(SKIP(2),X(10),A);
PUT SKIP(1);
CO J=1 TO M;
PUT SKIP EDIT(JyBX(J)sZT, ZB)(X(S),F(S,O) F(1014) F(l0y4)sF(1Cy4a));

END 3

GET LIST(IJF); :

7% , %/

/% CCMPUTATIGCN OF GRAVITY KERNEL MATRIX | %/
L4: GK=Cj3 |

GOH=0.013328;




>M: PROC CPTICGNS (MAIN);

DO J=1 TO0 M=1;

X(1)sX(2)X{5)=BX(J)};

X{3) ¢+ X{4)=BX{J+1);
Z(1)4204)4Z2(5)=2T=1S;

L2{2),2(3)=18B=1S;

DG I=1 TC N;

X1=X{1)=-XS(I);

Z1=7(1);

R1=X1%%24+Z21%%2;
FIl={1e65708~ATAN(X1,21));

DO K=1 TO ¢4;

X2=X(K+1)=XS(I);

22=2(K+1)3

R2=X2%% 247 2%%2

FI2=(Yo5708- ATAN(XZ,ZZ)), .

H=SERT LIXA{K) =X (K+1 ) ) %2+ (Z{K+1)~Z(K))*%2)3
S{K)=(Z(K+1)~Z(K)) /H;
CIK)=(X({K)}=X{K+1))/H; ' .
W=0e5%S (K)*LOG(R2/RL)+C(K)*{FI2~-FI1);
GK(JsT)=GK{JgI)+GOHN (Z2%FI2=21%FI1=Wk(X1%S{K)I+Z1*C(K)));
GK(JI)=GK(J,I1}%1000.0;

X1=X2; 21=12; R1i=R2; Fll=Fl2;

END; /% K=L0OOP */
END; /% I=LG0P 3/
END , /* J=L0OOP %/
/*

/> SCLUTION OF EQUATIONS BY LLSQ
EPS=0.0Q001;
IW=M=13;
IQ=1;
PUT SKIP EDIT(*IN=~LLSQ")(X{2Q),A(7));
CALL LLSQ(GK(1,1),DG(1)yNyIW,IQySS{1),IPIV(1)EPSyIERyAUX(1));
PUT LIST (IER)SKIP(2);
PUT LIST(SS);
PUT SKIP{2)3
GK=03;
/%
/% CALCULATION POINT FOR POINT CF MAGNETIC ANOMALY
PUT EDIT ('NO'y*DISTANCE 'y 'GAMMA' ) (X(5)5A(2)9X(10),A(8)4X(10),
A(5)); :
Lé6: CA=0,5%SBETA;
CB==CBETA
DO I=1 TC N;
_ SX=X§(1)3
DO J=1 TO M-13
XSA=BX{J)=SX;
XS5B=BX{J+1)=-SX;
LSA=2T~1S;
LINK=PT1;
GC TC DK;
PT1:DD=EE; :
LSA=ZB-1S;
LINK=PT2;
DK:RA=XSAXXSA+ZSA*LISA;

L5

*/

*/

*/
*/



/GM e

e

PROC OPTIONS(MAIN);

RB=XSB*XSB+ZSAXZSA;
TA=XSA/ZSA;
TB=XSB/15A;
TT=1+TA%TB;
TRA=TB=TA;
THETA=ATAN(TBA,TT);
EE=TFETA%CB+LOG(RB/RA)*CA;
GG TC LINK;
PT2:GK(Jy1)=(DD=EE)*A3;
END ; '
ENC;
/% PRODUCT CF KERNEL ELEMENTS AND SOLUTIONS OF MLSQ
DO I=1 TO N;
MAG=03;
DO J=1 TC M-13
MAG=MAG+ (GK{J,I)%SS(J});
END; :
CG({I)=MAG;
PUT EDIT (I4XS(I), DG(X))(SKIP(I)’X(4)QF(3 0)eX(10)sF(8y4)y4X(5),
F{1ll, 4)’;
ENC;
DO I=1 TC Nj
L7: IF IJF<O THEN GO TO LE;

ELSE DO I=1 TO N;
GET LIST(DB(I));
END; '
DO I=1 TO N3
RROI)=CB(I)/DG(I);
END3
PUT SKIP(2);
PUT LIST(RR);
PUT SKIP(2);
1G=23
IW=1;
EPS=0,0001;
=13
DO J=1 TO N3
B{I4J)=1e0;
B(I+14J)=XS(J};
END3

© DO J=1 TO 6;
RR(J)=0,0250;
END3
DO J=N=5 TO N;

"RR(J)}=0.02503%
EMC;
PUT SKIP(2)3
DO J=1 TO N; -
PUT LIST{(RR(J));
END;
PUT SKIP(1);

KK= N3 )

"PUT LIST(TIME)SKIP; '

" CALL LLSQ(B(1s1)sRR{1) sKKyIQyIW,SR(L)yIPAV(1),EPS,IER,AAX(1));

*/



GM: PROC OPTIOMS(MAIN);

PUT SKIP LIST(IER);
PUT EDIT('SCALING PARAMETERS,AT ORIGIN AND ALONG PROFILE®)(SKIP(2)
1 X{10),A);
! PUT SKIP LIST(SR); ,
3 PUT EDIT('NO*y* X', '0OBS? y'CALC' y'RESTIO! Y(SKIP(2)9yX(5)sAsX(10),
A X(10) s Ay X(10) A3 X(10),A);
DO I=1 TC N;
RAT=SR{1)+SR(2)%XS5(I)}
CALC=RAT*DG(1)
: RES=CB(I)=CALC; .
l /%% RES DUE TO MAGNETIC VARIATIONS ONLY *x/
! PUT SKIP EDIT(I ¢XS{I)DB(I)CALCHRES)IIX{2)3F(540)¢X(3)yF(8,43),
XEO6) s FUTa 1)y XUTY9F(T91) s X(8)9F(Ty1))3 ‘
‘ END;
‘ LE: END; /% END BEGIN */
5 END TR/GM;




APPENDIX C

The computer program TR/MG.

This program performs the transformation magnetic anomaly
to gravity anomaly and is written in PL/1 for use on the

N.U.M.A.Ce 1BM 360/67.

The procedure is essentially that of TR/GM in reverse,
Lis
s array of length (M - 1) containing values
for block distribution of magnetisation.

L5: DA array of length (N) containing unscaled

pseudo - gravity anomalies,



MGE PROC OPTIONS(MAIN)E .

TR/MGE PRCC COPTIONS(MAIN}E
/% AJINGLES,1970, MAGNETICS TO GRAVITY TRANSFORM #/
DCL NAME CHAR(25)%
GET LIST(NAME)S
PUT PAGLE LIST(NAME)E
GET LISTIN,M)E
BEGINE
DCL (UXSyBDAY(N) GK{M=1 4Ny (X42Z)(5)4(SS,CC)(4),BX(M)) FLOATSE
DCL DB(N) FLOATE '
DCL (HM,HE,ALFM,ALFEA, HHE y HHM, BETA,CBETA, SBETA;SDAT KOy XSTEP LS,
IT+2B4BX0)BSTEPyGOH X1y Z1yR1¢yFI14X24224R2,FI12,HyWyCA,CB,SXyXSA,
XSB,ZSA,DD,EE,RA,RB,TA,TB,TT,TBA.THETAgMGAL,EPS) FLCATZS '
DCL ({IER,1Q,IW) FIXED BIN(31)%
DCL (AUX(2%(M=1)),(S,IPIV){M=1)) FLOATE
OCL IN FIXED BIN(31)&
DCL LINK LABELZ
FEZZIXE XL XY T2 ' RARERARARARRE/
L1SGET LIST(HMyHEsALFM,ALFE)E
A= SQRT((((COSC(HE))**2)*((SIND(ALFE))**2)+(SIND(hE))*ﬁZ)*(((COSC(
HMY )#%2)# ( (SIND(ALFN) }##2)+ (SIND(HM) )=##2)) &
FHE=ATAND(SIND(HE) ,COSD(HE)})#SIND{(ALFE) )£
HHM=ATAND(SIND(HM) COSD(HM) *SINOD(ALFM) )&
BETA={HHE+HHM) £
CBETA=2C0C00. O*COSD(BETA)£
SBETA=2Q0C00.0+«SIND(BETA)S |
PUT EDIT('BETA=',BETA)(SKIP(2),A(5),F(7,2))& |
L2EGET LIST(ZS,SCAT)E ;
IF SDATE0 THEN DOX : 3
GET LIST(XO,XSTEP)Z . :
DC I=1 TO N& ’
XS{I)=X0+(I-1)#XSTEPE
GET LIST(DA(I))E
0B(I)=DA(I)E 1
’ ENCE ’
ENDE
ELSE DO I=1 TO N&
| GET LIST(XS(I),DA(I))%
ENDE
| L3LGET LIST(ZT,ZB,BX0,BSTEP)E
DO J=1 TO Mg
BX(J)=BXO+(J=1)*BSTEPZ
ENDE
PUT EDIT{'BLOCK-LAYER REPRESENTATION! )(SKIP(Z) X{1C)qA) &
DO J=1 TO Mg
PUT SKIP EDIT(J, BX(J):ZT IB)(X(5)yF(5,0),F(10,4),F(10,4),F(1C,4))&
END&E .
J R R R HAB R ns/
/% CALCULATICN OF MAGNETIC KERNEL MATRIX #/
GK=0%&
CA=C.5#SBETAL
CB=~CBETAZL
DO I=1 TO N&
SX=XS(I)&
i O J=1 T0O M~1%
XSA=BX(J)=-SXE




|

/MGE PROC OPTIONS(MAIN)E : \

XSB=BX(J+1)=SXE \
ZSA=21T-15§ |
LINK=PT1E . |
GO TO CK$ |

PT1£CD=EEE£

L5A=7B-7S4&
LINK=PT2E&

DKERA=XSA#XSA+ZSA%ZISAS

RB= XSB*XSB+ZSA*ZSA£
TA=XSA/ZISA%L

TB=XSB/71SA%

TT=1+TA=TBE

TBA=TB=~TAZ
THETA=ATAN(TBA,TT) %
EE=THETA=CB+LCG({RB/RA)#CAEL

GO TO LINKE
PTZSGK(J [)=(CD-EE)#AL

ENDZ

ENCE

AR ETSE EER 2T EES

/+ SOLUTION BY LEAST SQUARES
EPS=0.0001%
IW=M-1%

1Q=1§ PUT SKIP(2)& PUT LIST(*IN~LLSQ*)& PUT SKIP(2)%

CALL LLSQ(GKI(1, 1);DA(1) N, IN IQ:S(l),IPIV(l),EPS IER AUX(l))£
PUT LIST(IER)Z

PUT SKIP(2)&

IF IERE=0 THEN BEGIN£
S=0&

PUT LIST('SSP FAILED")&
PUT SKIP(1l)E "

ENDE

PUT SKIP(1)&

EHRAARERHRRA N

*/

L4& DO J=1 TO M=-1%

PUT LIST(S(J))E
ENDE
PUT SKIP(1)&

J B A EHunprrhants/

/% CALCULATICN OF GRAVITY ANOMALY,POINT FOR PDINT %/
GK=0g&

CA=0¢

GOH=0.013328%¢

DO J=1 70 M-1%

XE1) 9 X{2).X(5)=BX(J)&
X(3) e X{4)=BX(J+1) &
Z(1),2(4),2(5)=2T~1S&
I(2),2(3)=IB~1S%

B0 I=1 TO N&
Ri=X(1)=-XS{I1)&
L1=2(1)&
Rl=X1##2+71#%28
FIl=(1e5708=ATAN(X1,21))%

D0 K=1 TO 4&

X2=X{K+1)-XS(I)&



R/MGE PROC OPTIONS{MAIN)E o

22=2(K+1)&

R2=X2#% 2+ 2#%28

FI2=(1.5708=ATAN(X2,22))8
HESQRTUCX(KI=X(KELD) a2+ (Z(K+1)=2(K) ) wx2) 8
SS{K)=(Z(K+1)=2(K))/HE

CCUK)={X{K)=X(K+1))/HE
W=0,5#SS(K)*LOG(R2/R1)+CCIK)#(FI2=FI1) &

GK(Jy1)=GK(J,y 1) +GOH# (Z2%F12=Z1#FI1-W*(X1#SS(K)+Z1#CC(K) ))&
X1=X2& 21=Z2& R1=R2§& FIl=FI2¢

ENDE /# K=LCCP %/
ENDE /% I-LCOP %/
ENDE /# J=-LCOP =/

PUT EDIT(*NO','DISTANCE®, *MGALS*)(X{5),A(2),X(10),A(8),X(10),A(5))
£ :

DO I=1 TO N&
MGAL=0&

L5& DO J=1 TO M=-1%&

MGAL=MGAL+(GK({J,I)}#S(J))&

ENDE

CA(I)=MGAL#1000.0%

ENDE

DC I=1 TO N&

PUT EDIT(I4XS(I),DA(I), DB(I))(SKIP(I) X(Q),F(3 D)9 X(1C)F(8y4),
X(5),F(10,4),X{5),F(1C,2))&

ENDE

LEL ENDE /+ END BEGIN #/

END TR/MGE



APPENDIX D

The computer program JG/RAT,

This program computes a distribution of values for the

ratio J/p directly from the observed gravity and magnetic

anomalies,

N.U.M.A.C,

The program is wkitten in PL/1 for use on the

IBM %60/67.

Input and the first part of the program are essentially

the same

L5:

L6:

L8:

as for TR/GM.

82

s1 array of length (M - 1) containing values
for a block distribution of density.

read in observed magnetic anomaly values,

product of magnetic kernal matrix elements with

elements of array Sl.

derivation of a distribution of values for J/p

by a call to least-squares subroutine LLSQ.
array of length (M - 1) containing values for

the block distribution of J/p.



/RAT:

PROC OPTIONS(MAIN);

JG/RAT: PRQOC OPTIONS(MAIN);

/i vk e ook osfe sl sieok s dle Bese . 3 3¢ e ok Aok e % ok ok k /
DCL NAME CHAR(25); ' |

DCL (I,Jd9KyLyMyN) FIXED BIN(21);

GET LISTINAVE);

PUT PAGE LIST (NAME);

GzT LIST(NyM);

BEGIN;

DCL ((XSyDAYIN)Y yGK(M=1 yN) 3 {Xy3Z)(5)4(554CCI(4),BX(M)4(S1,S2)(M=1),
AUX(2%(M~1))yIPIV(M=~1)) FLOAT;

CCL (HMyHE,ALFM,ALFE,A,FHE,FKEM,BETA,CBETA, SBETA, SDATy X004 XSTEP,ZS,
LT 4IB +BXOyBSTEPyGOH ¢ X1 9 21 4RL,FIL 4 X29224R2,FI2,HyWyCA,CB,SXyXSA,XSB
sy ZSAYDDYEE,RARByTA,TB ,TT,TBA,THETA, NAG,EPS) FLOAT;

CCL (IER,IQ,IN) FIXED BIN(31)»

DCL MM FIXED BIN(31);s

DCL LIMK LABEL;

7 3¢ 3k s sle sl kool ok ok ok ok . e % e e e e X Kok ok [/

L13GET LIST(HM,HE,ALFM,ALFE);

A=SQRT((((COSD(HE) J#*%2 )% ((SIND(ALFE) ) #%2 )+ (SIND(HE) ) %%2 )% (( (COSD{
HM) ) #%2 )%k (( SIND(ALFM) ) x%2) + ( SIND(HM) ) *%2) ) 3
FFE=ATANC(SINC(HE),COSD(FE)*SIND(ALFE));

HHM= ATAND(SIND(HN)yCCSD(HN)*SINC(ALFM)),

BETA=({HHE+HHM) 3

CBETA=20000C.0*COSD(BETA);

SBETA=2CCC0CL0X*SINC(BETA);

PUT EDIT('BETA=! yBETA)(SKIP(Z):A(S),F(?:Z))’

L2:GET LIST(ZS,SDAT); - '

IF SDATK0 THEN DO;
GET LIST(XQ,XSTEP);
DO I=1 TO Nj;
XS(I)=XO+{I~1)*XSTEP;
GET LISTI(DA(I));

END3

END3

‘ELSE DC I=1 TO N;

GET LIST(XS(I)DA(I))S
END3

L3:GET LIST(ZT:18, BXD,BSTEP),

DG J=1 TO M;

BX{J)=BXO+(J=~1)*BSTEP;

ENC3

PUT EDIT(*INITIAL FIELD VALUES‘)(SKIP(Z)vX(lO)'A(ZO))a

DO I=1 TO N3

PUT SKIP EDIT(I,XS{I)sDACI))(X(LA)sF(5,0)+F(10+4)sX(5)4+F(10,2));
;:“D,

PUT EDIT('BLOCK~LAYER REPRESENTATION')(SKIP(Z):X(IO):A),

D0 J=1 TO M;

PUT SKIP EDIT(J, BX(J),ZT ZB)(X(10), F(510),F(10:4)1F(1014),F(10,4))

END 3 :
/2% ok ok 3 ok o e e sle sk 06 ofe o e e 3 e A R ko /
/% CCMPUTATICN OF FIRST KERNEL MATRIX - | %/
GOH=0,013328; ‘ \
GK C’ |
CO J=1 TO M-1; \
X{L1) 2 X(2)sX(5)=BX(J); : \



/RAT:

PROC OPTIONS(MAIN);

X(3) X (4)=BX({J+1);

"Z(1)+Z(4)42(5)=LT=-25;

2(2),2L(3)=LB=-1S;

DO I=1 TC N;

X1=X(1)=XS(I);

L1=2(1);

RI=X1%%2471%%2;

FI1=(1,5708~ATAN(X1421));

DO K=1 TO 4;

X2=X(K+1)=XS5(1);

22=L{K+1);

R2=X2%k 247 2%% 23

FI2=(1e5708=-ATAN(X2+22) )

H=SCRT( (X (K)=X(K+L))#%24+(Z(K+1}=2Z(K))**2);
SSIK)=(Z(K+31)=Z(K))/H; -
CCUK)I={X{K)=X{K+1))/H;
W=0,5%SS{K)*LOG{R2/R1)+CC(K}*(FI2=-FI1);
GK(J,I)-GK(J,I)+GOH*(ZZ*FIZ-Zl*FIl-w*(Xl*SS(K)+Zl*CC(K))),
GK({Js2I)=GK{JyI)*1000,0;

X1=X2; 1l=22; R1l=R2; Fll=FI2;

END; /% K=LCOP */

END; /% 1=-LCOP */

END 3 /* J-L00P */

PUT SKIP(1); ‘ - :

[/ e sl dle sl ok sk ok e Xe e ok ‘ 3 o e e o e koK ok
/% SOLUTION BY LEAST SQUARES , o */
EPS=0,0001;

IwW=N=13

IQ=13

PUT SKIP FDIT('IN-LLSQ')(X(IC)’A),

CALL LLSQ(GK(1,1),DA(L)sNsIW,1QyS1(1)yIPIVIL),EPS,IER,AUX{1));
PUT SKIP LIST(IER);

IF TER-=0 THEN DO;

PUT EDIT('SSP FAILED')(SKIP(1),A);

GO TC LEs END;

ELSE DO

PUT EDIT('SOLUTIONS OF DENSITY DI STRIBUTION') (SKIP(2)4X(10)4A);5
PUT SKIP(1});

PUT LIST(S1);

END ;- :

/*#;********** ' e e e ko ol /
/% CALCULATICN OF SECOND KERNEL MATRIX */
GK=G;

DA=C;

CO I=N BY -1 70 1;

GET LIST(DA(I));
GK(JsI)=GK(JyI)%SL(J);
CA=Q.5%SBETA;
CB=-CBETA;

DO I=1 TO N;

SX=XS(I)3;

DO J=1 TC M-1;
XSA=BX(J)=SX;
XSB=BX({J+1)=5X;



5/RAT: PROC OPTIONS(MAIN); | - ;

ISA=2T=-7S;
LINK=PT1;
GC TC DKs
PT1:0D=EE;
IS A=7B-15;
~ LINK=PT2;
DK:RA=XSA%XSA+ZSAXZSA;
RB=XSB*XSD+ZSA%ZSA;
TA=XSA/ZSA;
TB=XSB/ZSA;
TT=1+TAXTB;
TBA=TB=TA;
THETA=ATANI{TRBA,TT);
Eik= THETA*CB+LOG(RB/RA)*CA.
GO TO LINK;
PT2:GK(JyI)=(DD~EE)*A; .
END 3
END 3
PUT SKIP(1);
DO J=1 TC M=-1;
00 I=1 7O N; |
GK{Jy I)=CGK(J, 1)%S1{JI)*0,001;

END3;-

END ‘

/% okl sk ok sokek el ok el ko el ko /
/% SOLUTION OF J-RHO RATIO BY LLSQ . %/

PUT EDIT('IN LLSG')(SKIP(2),X(10),A);3
CALL LLSQ(GK(1,1),DA(L)sNsTh,1Q,S2(1)4IPIV(L)4EPS,IER, AUX(1) )5
PUT SKIP LIST(IER);
IF IER~=0 THEN DO;
PUT EDIT('SSP.FAILED') (SKIP(1),A);
GO TO LE; END3;
ELSE DO;
PUT EDIT(*DISTRIBUTION OF J/RHC')(SKIP(2),X(10),A)3
DO J=1 TO M=1;
PUT EDIT(J5S2(4))(SKIP(1)1X(10)4F (5, 0) 4 X(5) s F(1416));
END3
END; |
LE:END; /% END=BEGIN */
END JG/RAT;




APPENDIX E

The computer program SBETA,

This program solves for the composite angle B (Chapter

three, equation (1)) and thereby calculates an angle of

magnetisation for the whole profile which lies in the plane of

the profile. The program is written in PL/1l for use on the
N.U.M.A.C, IBM 360/67.

Input to SBETA is essentially that to TR/GM except that

angles HM, ALFM are omitted.

L5: Sl array of length (M - 1) containing values for
the block distribution of desnity.

L6: MK  a magnetic kernel matrix of dimension (2,N)
which corresponds to the (N x 2) matrix Kp
of equations (18) and (19) in Chapter three.

L7 DA  array of length (N) containing observed
magnetic anomaly values.

L8 82 array of length (2) containing the values

hcos B and hsin B, where h is the ratio J/p.



BETA:PROC OPTIONS(MAIN); /% AsINGLES,1970 */

SBETA:PRCC CPTIONS(MAIN); /% AoINGLESs»1970 %/

DCL (N,MyL) FIXED BIN(31); '

DCL NAME CHAR(25);

GET LIST(NANME);

PUT PAGE LIST(NAVNZ);

GET LISTIN,M);

L=23

BEGIN; :

DCL ((XSyDA)(N) ¢BXIM+L) 4GKIMyN) 4 MK(Ly N)r(Sl IPIV) (M}, (S2,IPAVI(L),
AUX(Z*M):AAX(Z*L)y(XrZ)(S),(¢51CC)(4)) FLDAT,

DCL (ZS+SDAT XQsXSTEPyBXOyBSTEP2Ty28ByHE4ALFE,HHE yHHMy X14Z14R1yFI1
1X292L23R24F124yHyW,GCH,EPS,SNM], SMZ,CA ¢8,CD1,CD2, EEl:EEZrTAvTBvTT,
TBA,THETA) FLOAT;

DCL (I4JsKyIW,IQ,IER) FIXED BIN(31);

DCL MM FIXED BIN(31);

DCL LINK LABEL; ‘

Aok okk Ak DERIVATION OF SINGLE VALUE OF BETA  kskdksioddoiokdkoksdk /

L1: GET LIST(HE,ALFE);

L2: GET LIST(ZS,SDAT);

IF SDAT<O THEN DO;

L3: GET LIST(XC,XSTEP);

00 I=1 TO N;
XS(I)=XO0+(I=-1)*XSTEP;
GET LIST(DA(L));

END; END;

ELSE DO I=1 TOQ N;

GET LIST(XS(I}sDA(I));
ENC;

L4: GET LIST(BXO,BSTEP,ZT,1B);
DO J=1 TO M+1;
BX(J)=8X0+(J=1)%*BSTEP;

END3;

PUT EDIT('INITIAL FIELD VALUES')(SKIP(2),X{10),A);

0O I=1 TO N3

PUT SKIP EDIT(ISXS(I)yDALI))I(X(10),F(5,0),F(10,4)9X(5)9F(10,2))3
END 3

PUT EDIT('BLOCK-LAYER REPRECENTATION')(SKIP(Z)yX(lO)yA):

DO J=1 TO M+1i;

PUT SKIP EDIT(JsBX(J)sZT,ZB){X{10)yF(550)5,F(1044)yF(1044)9F(1044))

END; -
/) %% 2%k e e e o o ook o ok ok GRAVITY MATRIX ) ofofe e o3 e e ke ek ok /
GK=C; '
GOH=0,013328;

CO J=1 TO M; _

X(L) 9X(2) pX(5)=BX(J)3

X(3) s X(4)=BX{J+1);
Z(1)9204),2(5)=2T-15;

2(2)42(3)=28-1S;

D0 I=1 TO W;

X1=X{1)=XS(1); :

Z1=2(1); . i
RI=X1¥%2+21%%2; |
FI1={1.5708-ATAN(X1,21) )3 |
DO K=1 TO 4;

X2=X (K+1)=~X5(1);



TA:PROC OPTIONS(MAIN); /% AaINGLES,1970 */

L5:

PT1:

PT2:

i Lé6:

12=2(K+1l);
R2= X232+ 2 2%%2; '
FI2=(1a5T08=ATAN(X2+,22))
H=SGQRT (X (K)=X(K+1))* 2+ {(Z(K+1)=Z(K))*%2);
SSIKY=(Z{K+1)=Z({K))/H;
CCIRI={ X(K)=X(K+1))/H;
W=0o5%SS{KIXLOG(R2/RLII+CCIKIH{(FI2Z2=-FI1);
bK(J,I)'GK(J,I)+1000,0*GCH*(ZZ*FIZ-ZI*FIl-w*(x1*SS(K)+21*CC(K))).
X1=X23; ZL1=223; R1l=R2; FIl=FI2;
ENDs ENCs END;
/okkckokkaolokkkk SOLUTION OF CENSITY DISTRIBUTION oo e ool e dokokok f
EPS=0.CCO01; !
IW=M;
1¢=1;
PUT SKIP EDIT(YIN~LLSG'"){X(10),A);
CALL LLSQ(GK(1432)4DA(L) ¢yNyIh, IQ,Sl(l) IPIV(l),EPS TER,AUX(1) )5
PUT SKIP LIST(IERY};
PUT SKIP EDIT{(*SCLUTION OF CENSITY DISTRIBUTION')(X(10)yA);
PUT SKIP(1});
PUT LIST(S1);
PUT SKIP(1}); : .
Sk orkokk MAGNETIC MATRIX o dokokokslok ok sk lokok ok /
CA=1CCOCC.0; '
CB==200G600.0;
MK=03
DO I=1 TO N; SM1=0; SM2=0; Ty
PO J=1 TO. M3
X1=BX(J)=XS(I);
X2=BX(J+]1)=XS{I);
21=27=-1S; ,
LINK=PTL1;
GC TC DK;
DDO1=EE1l;
DD2=EE2;
L1=/1B=1S;
LINK=PT2;

TR1I=X1H%2+Z1%%23

R2=X2H%2 4721 %%2 3 : :
TA=X1/113 ' -
TT=14TA%TB; -
TBA=TE~TA}
THETA=ATAN(TBA,TT); :
EE1=THETA*CH ; . ; \
EE2=LOG(R2/R1)*CA; ‘ : \
GC TC LINK; | | | |
SM1=SM1+(DDI1-EE1L)*S1(J) ;" : 3 \
SM2= SHZ+(CDZ~EEZ)*SI(J): ' f
END3 | - ' \
MK(1,1)=SM1;

MK (2, 1)=SM2; | | |
END; '
JRIsRRRdokx k% REDUCED MATRIX AND SOLUTION OF VECTOR VALUES LES LT
PUT EDIT('REDUCED MAGNETIC MATRIX! )(SKIP(Z):X(IO)rA). \

\\:

\



SBETA:PROC OPTIONS(NAIN); /% AaINGLES;197O; */

NEST

PUT EDIT(*SYMMETRIC COMPONENTS! )(SKIP(l),X(lO)yA).‘
PUT SKIP(Y);
DO I=1 TC N; ‘
1 PUT LIST(MK(1,1));
1l END 3 j
PUT EDIT(YASSYMMETRIC COMPONENTS')(SKIP(Z),X(LO) A);.
PUT SKIP(1);
DO I=1 TO M3
PUT LIST(MK{2,1))3
END; \
DA=0;
DO I=1 7O Nj;
L7: GET LIST(DA(I));
END;
PUT EDIT('ASSOCIATED FIELD VALUES') (SKIP(2),X(10),A);
CoO I=1 TO N;
PUT SKIP EDIT(I«XS(I)yDACII)I(X{L10)3F(5,0),F(1094)9X{(5)sF(10,2))3
END; '
IQ=2; Iu=1;
PUT EDIT(YIN=LLSQ')(SKIP(Y)yX{10),A);
CALL LLSQ(MK{141),DA(1) 4Ny IC:IN:SZ(l)yIPAV(l),EPS IERyAAX(L1) )
PUT SKIP LIST(IER);
PUT EDIT("=COS(BETA) & *SIN(BETA)')(SKIP(Z):X(IO):A),
L8: PUT SKIP LIST(S2(1),52(2));3
TB=ATAND(S2(2),S2(L));
PUT EDIT('BETA='",TB)(SKIP(1)sX(10)sA{5),F(T74y2))3
HHE=ATAND(SIND(HE) 4 COSD(FE)*SIND(ALFE)});
HHM=TB=~HHE ; _ -
PUT EDIT( *MU=",HHM) (SKIP(1)X{12) 4A(3)4F(7,+2));
HH=SQRT ((S2 (1) *%2)+(S2(2)%*%2});
PUT EDIT(YJ/P=' ,HH){(SKIP(2),X(10),A(4), F(léy&)).
ENDs /% END BEGIN #*/
END SBETA;

—  —

b



APPENDIX F

The computer program NUFIL.

This program compares observed and pseudo - magnetic

anomalies after normalization by the mean absolute anomaly

values in each case., The program is written in PL/1 for use

on the N,U.M.A.C. IBM 360/67.

N  number of anomaly station points.

M  number of block edges in equivalent layer,

NO number of anomaly values at each end of the profile

to take part in cosine tapering.

The first part of the program is a transformation gravity

to pseudo - magnetic anomaly with the additions:

1.8: cosine tapering of observed gravity anomaly.
L9: cosine tapering of observed magnetic anomaly.
Thence,

L10: arfay DA refilled with values of pseudo ~ magnetic
anomaly.

Lll: calculation of mean absolute values of pseudo -
magnetic anomaly.

Li2: calculation of mean absolute value of observed
magnetic anomaly.

113: printout of normalized obsérved magnetic anomaly.

Llk: printout of normalized pseudo - magnetic anomaly.

L1l5: scaling of normalized pseudo - magnetic anomaly by
product with the mean absolute observed magnetic
anomaly.

L16: DC  array of length (N) containing values of

the residual magnetic anomaly (observed minus

scaled pseudo - magnetic anomaly).



117: S array of length (M - 1) containing values of

the block distribution of intensity of magnetisation

to satisfy the residual anomaly.

Subroutine GSUB: Calculates the gravity kernel matrix elements,

Subroutine MSUB: Calculates the magnetic kernel matrix elements,

Subroutine TAPSUB: Performs cosine tapering on the NO end

values of the observed gravity and magnetic anomaly profiles.



IFIL:PRCC GPTIGNS(NAIN); /* A, INGLES,APRIL 1971 */

L1
L2

AL3:

HUFIL:PROC OPTIONS(MAIN); /% AeINGLES,APRIL 1971 */

CCL NAME CHAR(30);

DCL (NyM,NO,NN) FIXED BIN(31);

GET LIST(NAME);

PUT PAGE LIST(NAME);

GET LIST(N,V,NC)3;

NiH=2%NQ3

BEGIN;

DCL (GK(M=14N)y (XSyDAyDB,DCIIN) sBX(M) s {SyIPIV)(M=1) ,AUX(2%(M=1)),
TX(NN)) FLOAT;

DCL (HMyHEALFMyALFE+ZS,SDAT X0, XSTEP yBXU,BSTEP,ZT,2ZByA,HHE, HHM,
BETA,CBETA,SBETA,CA,CB,GOH,EPS,T0O1,702,YN,YCBA,YOBA) FLOAT;

DCL (I4JyIT+JdJsICsIWsIER) FIXED BIN(31)3 . :
/*COMPARISON OF CBSERVED AND CALCULATED MAGNETIC ANOMALIES %/
/% BY NORMALIZATION */

$GET LIST(HM,HE,ALFM,ALFE);
SGET LIST(ZS,SDAT);

IF SDAT<O THEN DO;
GET LIST(XD,XSTEP);
DC I=1 TC N;
XS(I1)=X0+(I~1)*XSTEP;
END; '
CO I=1 TC N;

AL4:GET LISTI(DA(I)); /% GRAVITY #*/

END;
ENC3
ELSE DO I=1 TGO N;

BL5:GET LIST(XS(I),DA(I));

L6

L7:

END;

GET LIST(BXC,BSTEP,ZT,1B);
2T=2T1-15;
IB=1B-21S;

CO J=1 TO M;

BX(J)=BXC+(J=1)%BSTEP;
END;

DO I=1 TO N;

GET LIST(DB(I)); ’
END;
A=SQRT({((COSD(HE) )#%%2)% ( { SIND(ALFE) ) #%%2)+( SIND(HE) )%%2 )% ( ((COSD(
HM) ) %%2 )% ( (SIND(ALFM) ) %%2)+ (SIND(FM) ) %%2) )5
HHE=ATAND{SIND(HE) ,CCSD(HE)*SINC(ALFE)); '
HHM=ATAND{ SIND (HM) 4COSD (HM)*SIND(ALFM) ) ;

"BETA=FHE+HHM;

CBETA=200000.,0%COSC(BETA);
SBETA=2CCC0C. O*SIND(BETA);
CA=0.5%SBETA;

. CB==CBETA;

GOH=C.013328;
PUT EDIT('INCLINATION-BODY MAGNETISATICN'1HM)(SKIP7X(10)1 1F{6,1))

PUT EDIT(*INCLINATION=EARTHS FIELC"yHE)(SKIPyX(10)sAsX(6)sF(641));
PUT EDIT('AZIMUTH~BODY MAGNETISATION' ,ALFM)(SKIP,X(10),sA, X(4):
Fl6s1))3

PUT EDIT('AZIMUTH-EARTHS FIELD' ALFE) (SKIP,X(10)+A,X(10)+F(6,41));3
PUT EDIT(*SIGMA* yHHE) (SKIP,X(10),A,F(8,1))3

PUT EDIT( MU', HHM) (SKIP,X{1C) sA,X(3)+F(8,1))3



UFIL:PROC pPTIONS({NMAIN); /% Ao INGLES,APRIL 1971 %/

PUT SKIP(2);

PUT SKIP EDIT('OBSERVED GRAVITY AND MAGNETIC ANOMALIES®)(X(10),A);
DO I=1 TC N;

PUT SKIP EDIT(IsXS(I)yZSyDACI) 4DBCI}) (X(10),F(550),F(10,4),X(5),
F(321)9X(5)sFEL0sL)sX{5)4F(1G,1));

END; )

PUT SKIP(2);

PUT SKIP EDIT('BLOCK CONFIGURATION')(X{1G) ,A);

| 0O J=1 TO M;

: PUT SKIP EDIT(JsBX(J) ¢ ZTyZB)(X(10)1F(510)1F(10¢4)F(10,4),F(10,4))

END,

DC I=1 TO NC;

TX(I)=DA(I);

II=N=NO+T;

JJ=NO+1;

TX(JJ)=DA(II);

END;
L8: CALL TAPSUB{TX,NN,NO);

COo I=1 TO NO;

DA(I)=TX(I);

I1=N-NO+I;

JJ=NO+1;

DACII)=TX(JJ)s

END;

PUT SKIP EDIT('TAPERED',NO,'GRAVITY, VALUES')(X(IO)'A,X(l),F(Z)y
| X(1),A); |
; . PUT SKIP(l); ' :
‘ DO I=1 TO NNj; .
PUT EDIT(TX(I))(F(10,1));
END;
3 DO I=1 TO NG; : :
| TX(1)=DB(1); ‘ |
! I1I=N=NOD+1; ' ’
ﬂ C JJ=NO+T;
]

TX(JJ)=DB(II);
END3
L9: CALL TAPSUB(TX,NN, NO):
! DO I=1 TO NG;
| DRIIN=TX(1);
IT=N-NQO+1I;
JJ=NC+13
DBIIT)=TX(JJ);
END, )
PUT SKIP EDIT('TAPERED',NO,*MAGNETIC VALUES ") {X(10)sAr X{1)4F(2),
X(1),A);
PUT SKIP(l);
£LO I=1 TG NN;
PUT EDIT(TX(I))I{F(104+1))3
END3
GK=03 |
CALL GSUB{GKsXSyBX,yZT,ZByGOHsNsM) ;3
DO J=1 TO M=1;
DO I=1 TO N3




NUFIL:PRGC GPTIONS(NAIN){ /% Ao INGLES,APRIL 1971 %/

NEST

2
2
1

e —

- - L aall oo - =~ NN

s

-

-

GKI{JyI)=GK(J,1)*1000.03
ENC;
EllD;
EPS=C. CCO1;
IW=M=-1;
1Q=1;
PUT SKIP EDIT(*IN=~LLSQY) (A)3
CALL LLSGQ(GK(1y1l)sDA(L) yNyIWIQyS{L)yIPIVI1)EPS4IER,AUX(L));
PUT SKIP LIST(IER);
IF IER-=0 THEN DC;
PUT EDIT('FAILURE IN LLSQ')(QKIPyA),
GO TC LE;
END;
ELSE;
PUT EDIT('DENSITY DISTRIBUTIDN')(SKIP(Z) 1A);
PUT SKIP{1l);
DO J=1 TO M=-1;
PUT EDIT(S{J))(X(6)+F(14,6))3
ENC;
L10: DA=0;
GK=C3 '
CALL MSUB(GKyXSsBXsZT4ZBCACByANyMY;
DC I=1 TG N3
DO J=1 TO M-1;
DA(I)=DA(I)+(GK(JsI)*S(J));
ENC; y
El{D;
Lll: TO1=03
0O I=1 TO N;
TC1=TOLl+ABS (DA(I));
END;
YN={#*1403;
YCBA=TQ1/YN;
Li2: T02=0;
DO I=1 TO N;
T02=TO2+ABS(CB(I));
END3
YOBA=T02/YN;
DO I=1 TO N3
CC(I)=DB(I)/YOBA;
END3 '
PUT tDIT('NDRMALIZED OBSERVED MAGNETIC ANOMALY')(SKIP(Z) A)s;
PUT SKIP(1l};
L13: DC I=1 TO N;
PUT EDITUIZDCLIIN(X(2)F(3) 4X(3),F(12 4))'
END;
DO I=1 TO N;
DA(I)=DA(I)/YCBA;
END
CPUT EDIT('NORMALIZED CALCULATED MAGNETIC ANOMALY')(SKIP(Z):A),
PUT SKIP(1);
Li4: DO I=1 TO Nj;
PUT EDIT{I+DALIIIIX(2),F{3)sX(3),Fl12, 4)).
END’ '



ST
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s

e

P

VYW WNNNNNF

NG W ww

L15:

L16:

L17:

DC I=1 TO N;

DA(T)=DA(I)*YOBA;

END 3

PUT EDIT('OBSERVED,SCALED CALCULATED AND RESIDUAL ANOMALIES')
(SKIP(2),A);

DO I=1 TO N3

CC(I1=DB(I)=-DA(I);

END; :

DO I=1 TO N3

PUT SKIP EDIT(I,XS({I1),DB(I), DA(I);DC(I))(F(S) X(5)4F(8,3),
X(S)9F(10:?):F(1092),F(10 2))3

END 3

$=03

CALL LLSQ(GKI{Ly1)5CC(L)yN, IW;IQ:S(I):IPIV(l)oEPSoIER AUX(1))3;
PUT SKIP LIST(IER);

IF IER~=0 THEN DO;

PUT SKIP EDIT('*FAILURE IN LLSQ')(A),

GC TC LES

EMD 3

ELSE;

PUT EDIT('DISTRIBUTION OF MAGNETISATION DUE TG RESIDUALS*") (SKIP(2)

1A

DO J=1 TO M*l»

PUT SKIP EDIT(J:S(J))(X(B):F(5)1X(5):F(1016))o

END3

GO TO LE;

GSUB:PROCEDURE(GK s XSyBXyZT2ZByGOH,N M) ;

DCL (GK(NM=1,N)sXS(N),BX{(M)) FLOAT;

DCL ((X,2)(5),(SS,CC)(4)) FLCAT; ;

DCL (X13Z14R1,FI14X2922,R2yFI2sHs W) FLOAT; \

CCL (TI3JsKyMyN) FIXEDC BIN(31); ) |
DO J=1 TO M-1; | S \
X(1),X02) $ X(5)=BX(J) < ‘
X3 )y X(4)=BX{J+1);

CZU1) 3 214) 4, 2(5)=1T3

2(2),2(3)=183

- DO I=1 TO N3

XL=X(1)=XS(I); : \
Z1=2(1); ' ,
R1=X1#%k247 14423

FI1=(1+5708-ATAN(X1sZ1));

DO K=1 TO 4;

X2=X{K+1)=XS(1);

22=7{K+1);

R2=X2MK24 22%%2

F12=(105708-ATAN(X2,22));

H=SQRT ( (X (K)=X{K+1) ) %% 24 (Z{K+1)=Z(K))x*2);
SS(K)=(Z(K+1)=Z(K))/F;

CCUK)={X(K)I=X{K+1))/H;
W=0e5%SS{K)*LOG(R2/R1I+CCIKI*(FI2=FIL);

GK(Jy T)=GK (Jy T)+GOH* (Z2%F12=2 LXFT1=Wk (X1*SS(K)+Z1*CC(K)));
X1=X2; Zl=72; RL=R2; FI1=FI2;

END;

END;



NUFIL:PRCC OPTIONS(MAIN); /% AJINGLES,APRIL 1971 %/

. NEST

1 END3
END GSUD; B
MSUB :PROCEDURE (GKy XS 4BXsZTyZB,CACByA4N,M) 3
DCL (GK(M=1, N),XS(N)’BX(M)) FLOAT;
DCL (XY yX2:Z1sDD,EEyRLyR2yT1yT2,TT,TBA,THETA) FLDAT’
DCL (I,JyMyN) FIXED BIN(31);
DCL LINK LABEL;
CO I=1 TO N3
DG J=1 TO M=13;
X1=BX(J)=XS(I);
=BX(J+1)=XS(1)3;
21=1T;
LINK=LS1;
GO TO LS2;
LS1:CD=EE;
11=18B;
LIMK=LS3;
LS2:R1=X1%%2+421%%2;
R2=X2%%2+ 21 %%2 3
Tl=X1/11%
T2=X2/711;
TT=14T1%T2; z
TBA=T2=T1; :
THETA=ATAN(TBA,TT); :
EE= TFETA*CB+LOG(R2/R1)*CA.
GO TG LINK; .
" LS3: GK(J,I)—(DD—EE)*A,
END s
ENC; ?
END MSUB;
TAPSUR*PROCEDURE{TX,NN,NO);
DCL TX{NN) FLOAT;
DCL (NNyNOsI,IA,IN) FIXED BIN(31)3 -
DCL (PI yANO,PHI CPHI ySPHI, CTHETl:STHETI,CTHETZ,STHETZ) FLOAT ;
PI=4,0%ATAN{100) 3
ANG=(NO=1)%1603
PHI=PI/ANO;
CPHI=CUOS(PHI);
SPHI=SIH(PHI);
CTHET1=1,0;
STHET1=Ce 03
CTHET2=1.0;
STHET2=0,0;
DO I=1 TO NO;
IA=NN=T1+1;
IN=1;
TX(IN)=0o5%TX{IN)*(1.0=-CTHET2);
TX(IA)=Co 5% TX(IA)*(1o0=CTHET2);
CTHET2=CTHET1*CPHI=STHET1%SPHI;
STHET2=STHET1*CPHI+CTHET1*SPKI;
CTHETL=CTHETZ;
STHET1=STHET2;
END;
END TAPSUB;

oD RO NN OO RN D
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NUFIL:PROC OPTIONS(MAIN); /% AeINGLES,APRIL 1971

STMT LEVEL NEST

265 | 2 LESEND; END NUFIL;

#*/



APPENDIX G,

THE DIFFFERENCE IN DEPTH TO MAGNETIC SOURCES.

If a two-dimensional magnetic anomaly fourier component

has an amplitude AO, as measured on the x - axis, and a
wavelength A= 2rm/k, it may be written down as a solution

to Laplace's Bquation as,
A(x) = A  sinkx
and at a depth of z, for positive z and k, as

A(x,z) = AoekZSinkx (G.1.)

(Bott and Stacey, 1967).

Now, if two identical sources at different Zy and Z,
produce magnetic fourier component amplitudes Al and A2 as

measured at z = 0, then the depth difference may be calculated

from
Al _ ek(zl - 22)
Ay
or
A
(zq - 2,) =& log_  , "L
1 "2 x ) (G.2)
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