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ABSTRACT

A method of transforming magnetic anomalies into pseudogravimetric
anomalies which uses fast Fourier transforms and a method of interpreting
gravity anomalies in three dimensions using a non-linear optimization
technique which involves automatic end corrections are developed.

These methods have been used to interpret the complicated
aeromagnetic anomalies over the Mull, Skye and Blackstones Bank Tertiary
igneous centres of N,W,Scotland. One inch aeromagnetic maps over the
complexes have been digitized at 1 km intervals covering 32 x 32 km2
(Mull and Blackstones Bank) or 64 x 64 kmz(SKye),

The strongly magnetized rocks of the Mull complex extends in the
preferred model to a depth of 2.1 km with normal magnetization of 6.7 A/m,
This body is smaller in depth and . areal extent than the gravity model of
the complex. The magnetic model of the Skye complex consists of two
strongly magnetized bodies of opposite polarity and a weakly magnetized
region corresponding to the Red Hills granites. A reversely magnetized
body of depth extent in the range 1.5km -~ 3.0km with a modelling
magnetization of 4.9 A/m can be identified with the basic and ultrabasic
rocks of the Cuillin centre., Normally magnetized body probably
represents more weakly magnetized deep seated body which underlains the
whole complex and extends to a modelled depth of 14 km with a modelling
magnetization of 1,1 A/m, This composite model has approximately equal
dimensions to the dense rocks of the gravity model. The main body of
the Blackstones Bank magnetic model extends to a depth of 15 km with
reverse magnetization of 0,93 A/m, A shallow normally magnetized
body occurs within this to depth of the order of 1.0km - 5,0km with a
magnetization in the range 0.0A/m-2.47 A/m. The composite model has

approximately equal dimensions to the gravity model.

Intense negative anomalies over the lavas and over some intrusive



rocks demonstrate the strong remanent magnetization of these rocks.
The magnetic interpretations show that basic and ultrabasic rocks are
strongly magnetized and large in volume and the granitic rocks are
small in volume, shallow and weakly magnetized, Generally, the

magnetic interpretations agree with previous gravity interpretations.,
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CHAPTER 1

INTRODUCTION

1.1 Scope of the Study

The main purpose of this study is to develop a method of transforming
magnetic anomalies into pseudogravimetric anomalies, a concept which was
introduced by Baranov (1957), and to use this method with other methods
of magnetic interpretation to interpret the aeromagnetic anomalies over
some of the Teriiary volcanic centres of N,W.Scotland. The method of
pseudogravimetric transformation using fast Fourier transforms which
was developed in this study is discussed in detail in chapter 2, Since
the pseudogravimetric anomaly gives the equivalent gravity effect due
to a magnetized body which would be caused by a fictitious density
contrast proportional to actual magnetization contrast at each point
of the body, interpretation of such anomalies must be performed using
gravity methods, Automatic and semi-automatic methods of three
dimensional gravity interpretation which use the end corrections are
developed to interpret the pseudogravimetric anomalies and are
presented in chapter 3. Two dimensional automatic methods of magnetic
interpretation used in this study are also discussed in this chapter.
The aeromagnetic anomalies over three Tertiary igneous centres of N,W.
Scotland, Mull, Skye and Blackstones Bank, are selected to apply the
method of pseudogravimetric transformation that is developed in this
study. The resulting pseudogravimetric anomalies are interpreted
and compared with previous geophysical and geological studies of these
areas.

This chapter introduces the concept of pseudogravity and gives
a general introduction to the Tertiary igneous centres of N,W.Scotland.

1,2 Pseudogravimetric Transformation of Magnetic Anomalies

If a body has a magnetization contrast J and a density contrast
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P producing a local magnetic potential V and a gravity potential U
at an external point, and further if the ratio g/p is constant
throughout the body, then these two potentials will be connected by

the well known relation of Poisson

vV = .._‘_T_‘ ZU 1.2.1

4mpG
where G is the gravitational constant. If vy and s are unit vectors
along the direction of magnetization of the body and along the direction
of the earth's total magnetic field respectively, then the magnetic

anomaly T(x,y,z) at an external point due to the body can be written as

2
UoJd du
T(x,y,2) = Ang dsdy

1.2.2

where Yo is the permeability of free space. This equation connects the
magnetic anomaly of a body with its gravitational.potential provided
that J/p is a constant. In practice this is most unlikely to be the
case. If, however, we assume a fictitious density contrast so that
J/p is a constant then we can use 1,2.2 to calculate a theoretical
gravity potential from a given magnetic anomaly. From this theoretical
gravity potential we can then derive a theoretical gravity anomaly.

Such an anomaly is called a pseudogravimetric anomaly. This will not
be the true gravity anomaly of the body, but rather is a gravity-like
anomaly wholly derived from the true magnetic anomaly. If we choose

as our fictitiousdensity contrast the value

p = Yol
4t G 1.2.3
1.2.2 takes the simple form

_d%u
T(x’y,z) - deY 1.2.4

The pseudogravimetric potential U is calculated by integration of



1.2.4. By taking the vertical derivative of this potential the
pseudogravimetric anomaly is found.

The pseudogravimetric transformation of an aeromagnetic anomaly
removes its asymmetry due to the inclination of the magnetization
vector and the inclination of thé earth's total magnetic field.
The pseudogravimetric anomaly 1is  therefore symmetrical with respect
to the causative body. The characteristic presence of short wavelength
features in magnetic anomalies causes problems in interpretation. The
pseudogravimetric transformation acts as a filter for the short wavelength
anomalies and so removes this difficulty. In addition, it allows us to
perform the interpretation using gravity methods which are more
straightforward to apply than magnetic methods, The pseudogravimetric
anomaly is thus a useful aid to the interpretation of complicated magnetic
anomalies.

1.3 Tertiary Igneous Centres of N.W.Scotland

The north-western part of Scotland is one of the areas of the
North Atlantic or Thulean province which were subjected to intense
volcanic activity about 50-65 m.y. ago during the early Tertiary
(Richey et al., 1961, Stewart, 1965, Evans et al. 1973). In each
volcanic centre activity characteristically occurred in two stages;
extrusion of basaltic lava followed by intrusion of plutonic bodies
forming central intrusive complexes, InﬂLsion of dyke swarms took

:
place during, after and probablyizefore the intrustion of plutonic
bodies, There are two different views about the way in which basaltic
lavas have been erupted, Judd (1874) proposed that the lavas were
erupted from central volcanoes, Geikie (1897) alternatively suggested

that the lavas were extruded by fissure eruption with the dykes in these

regions as feeders. Recent studies show that Greenland and North Europe



started to split about 52 m.y. ago as dated by magnetic anomaly 24
(Hailwood et al., 1979). This splitting may be related to the
Tertiary igneous activity of the Thulean province (Bott, 1973).

In N.W, Scotland Tertiary igneous complexes can be found in
central Skye, Mull, Rhum, Arran, Ardnamurchan and in the St,Kilda
group of islands (Figure 1.1). There are several other submerged
igneous complexes such as the Blackstones Bank in the sea areas
around N,.W,Scotland (Figure 1.1). These central complexes consist
of various intrusive bodies such as ring dykes, multiple cone sheets,
dykes, sills, volcanic plugs, large layered intrusions and products of
explosive vents, A wide range of rock types, varying from granitic
to ultrabasic, can be observed in the Tertiary igneous complexes.

Each of the complexes had a centre, or focus of activity, aroynd which
most of the igneous intrusions occurred and in most cases the centre
of activity has migrated from place to place within the complex. In
Ardnamurchan, Mull and Arran the centre of activity has moved twice,
once in Rhum and three times in Skye. A more detailed account of the
geology of the three central complexes éiected for the application of
the present method of pseudogravimetric transformation is given in
chapters 4,5 and 6.

Study of surface geology alone is not sufficient to understand the
deep strucﬁ%re of the igneous complexes, Geophysical techniques such
as gravity and magnetic methods are useful in obtaining such details.
All central complexes are characterized by near circular positive
gravity anomalies, The observed maximum Bouguer anomaly over the
Tertiary volcanic centres are in the range 50-73 mgal, except over the
Blackstones Bank which has a maximum Bouguer anomaly of 140 mgal.

Interpretation of gravity anomalies over the complexes shows that these






are underlain by basic and ultrabasic bodies extendsto a great depth
(Bott and Tuson, 1973, McQuillin, et al., 1975). The aeromagnetic
anomaly maps over the Tertiary igneous complexes prepared by the
Institute of Geological Sciences of Great Britain show intense

positive and negative anomalies (see Figure 4.1, 5.1 and 6.1),

suggesting that the complexes are underlain by massive magnetized bodies.
Owing to the presence of a large number of near surface intrusions and
adjacent lavas, the aeromagnetic anomalies take an extremely complicated
form making their interpretation difficult using normal magnetic methods.
The pseudogravimetric , transformation method introduced in this chapter

is very useful in interpreting magnetic anomalies of this nature.



CHAPTER 2

THEORY OF PSEUDOGRAVIMETRIC TRANSFORMATION OF MAGNETIC ANOMALIES

2.1 Introduction

This chapter describes a method of performing the pseudogravimetric
transformation of magnetic anomalies using Fourier transforms, This
method, which was developed by P.v.Stavrev, was brought to the author's
attention by Professor M.H.P.Bott. An independent development of the
same method by the author is presented here. This method is basically
similar to the Cordell and Taylor (1971) method of pseudogravimetric
transformation although the method of derivation is different and the
final formula takes a different form. The reliability of the method
of pseudogravimetric transformation developed in this chapter is
examined by applying it to a magnetic field calculated from a known
simple strucutre and comparing the resulting pseudogravimetric anomaly
with the calculated gravity anomaly due to the same structure assuming
that it has a density contrast equal to the fictitious density congtrast
of the pseudogravimetric transformation. A review of previous
methods of performing pseudogravimetric transformation is given in 2.2,
Some practical problems involved in the present method are discussed
in 2.7.

2.2 A Review of Methods of Performing Pseudogravimetric Transformations

Baranov (1957) first introduced the pseudogravimetric transformation
of magnetic anomalies, His method involves a double integration of
the vertical derivative of 1.2.4 along the opposite direction to
the magnetization vector and along the opposite direction to the earth's
total field. He also presented a practical way of computing the

pseudogravimetric anomaly and its vertical derivatives using numerical



grids. There are two disadvantages of this method; it does not take
into account the direction of remanent magnetization, and it fails
when the inclination of the magnetization vector is less than 300.

Bott et al,(1966) presented a two-dimensional method of performing
the pseudogravimetric transformation which takes into account the
direction of remanent magnetization and is valid for any inclination
of the magnetization vector, In this method magnetic and gravimetric
potentials and fields are considered as complex functions whose
transformation is performed using the Cauchy-Riemann equations and
Poisson's relationship. This method can also be used to estimate
the remanent direction of magnetization. Bott et al, used this
method to estimate the direction of remanent magnetization of the Lambay
magnetic anomaly in the West Irish Sea,

A two-dimensional method of performing pseudogravimetric
transformation using the equivalent layer theorem has been given by
Bott and Ingles (1972). This method relates a magnetic anomaly
and its pseudogravimetric anomaly to a common fictitious layer. This
fictitious layer is divided into a series of compartments having
rectangular cross-sections whose magnetization is calculated by
inverting the observed magnetic anomaly. The pseudogravimetric
anomaly is computed by assigning to each compartment a suitable density
contrast proportional to the magnetization. This method can also be
used to calculate the pseudomagnetic anomaly starting from the gravity
anomaly and it can be easily extended to the three-dimensional case.

Cordell and Taylor (1971) performed the pseudogravimetric
transformation using Fourier transforms. In this method they derived

the relationship between the Fourier transform of- the magnetic anomaly



and the pseudogravimetric anomaly using Poisson's relationship. These

two transforms are connected by a factor in the frequency domain

depending on the magnetization to density ratio, direction of magnetization,
and the direction of earth's total field. By multiplying the Fourier
transform of the magnetic anomaly by this factor and applying a phase

shift, the Fourier transform of the pseudogravimetric anomaly can be

found and by taking its inverse transform the pseudogravimetric anomaly

can be determined. Cordell and Taylor used this method to transform
magnetic anomalies over a North Atlantic seamount into pseudogravimetric
anomalies,

Gunn (1972) described a method of performing linear transformations
on gravity and magnetic fields by using Weiner filters. A Weiner
filter converts a given input into a specified output in such a way
that the sum of the squares of the difference between the specified
output and the actual output is a minimum, This method can be used
to perform the pseudogravimetric transformation of magnetic anomalies,
where the specified output should be the gravity anomaly due to a model
body which has approximately the same dimensions as the geological
feature causing the magnetic anomaly. Therefore unlike the methods
described earlier, this approach requires some knowledge of the
dimensions of the geological features which cause the anomaly.

Shuey (1972) presented a method of calculating pseudogravimetric
anomalies by using Hilbert transforms. He showed that the vertical
gradient of the pseudogravimetric anomaly can be written as a linear
combination of the magnetic anomaly and its Hilbert transform. The
vertical integration of this linear combination yields the pseudogravimetric

anomaly. The success of this technique depends on the accuracy of the



computer programs which perform Hilbert transforms. The computer routines
developed by Shuey give accurate results except at the edges of the
profile. Since this is a fault of most of the methods discussed
previously, it is unlikely to be a serious disadvantage.

The most recent method olf three-dimentional pseudogravimetric
transformation known to the author is published by Savinisky (1976).
This method involves two line integrations similar to Baranov's method.
In this case the result is valid for any direction of the induced
magnetization, However, it still fails to take into account the
remanent direction of magnetization,

Another technique which removes distortion in a magnetic field
has been developed by various authors (Baranov and Naudy, 1964,
Bhattacharyya, 1965, Kanasewich and Agarwal, 1970, Baranov, 1975).
This method is known as the reduction of the magnetic anomaly to the
pole and it gives the magnetic anomaly of the causative body as if
it were at the magnetic North pole. The mathematical calculations
involved in this method are similar to that of pseudogravimetric
transformation. The first step involves the recovery of the
potential U of 1.2.2 by carrying out two line integrations and the
second step involves the calculation of the anomaly reduced to the
pole by taking its second vertical derivative. We can clearly see
that the anomaly reduced to the pole is just a quantity proportional
to the pseudogravimetric vertical gradient. This method is useful
when comparing magnetic anomalies measured at different magnetic
lafiitudes.

2.3 Derivation of the formula which performs the pseudogravimetric
transformation

This section describes a method of performing the pseudogravimetric



10

transformation using Fourier transforms, The equation 1.2.4 given in
chapter 1 states the relationship between the magnetic anomaly T&,y,z)

and the pseudogravimetric potential U(x,y, z ).

U
T(x,y,2z) = %——f? 2.3.1

where s and Y are unit vectors along the earth's total magnetic field and
along the direction of magnetization. It is assumed that the body

causing the anomaly has a constant fictitious density contrast p given

by
= %%%’ 2.3.2
where,
J = magnitude of the magnetization contrast of the body,
G = gravitational constant.

Firstly, the pseudogravimetric potential U is recoveredby successively
integrating 2.3.1 along directions opposite to the earth's total magnetic
field (-s) and the magnetization vector (-Y). Then by taking its
vertical derivative, the pseudogravimetric anomaly can be found. To
do this integration it is necessary to represent the magnetic anomaly
as a function of s and Y. By solving Laplace's equation in Cartesian
coordinates the magnetic anomaly can be obtained as a function of x,y
and z which are related to s and Y. Then by transforming the
variables s and Y to z the magnetic anomaly can be integrated with
respect to z to obtain the pseudogravimetric potential.

Let XYZ be a right-handed rectangular Cartesian coordinate
system with the X-axis pointing towards north and Z-axis pointing

vertically downwards., Let us also assume that all magnetized









A(x,y,z)

¢¥

Figure 2.1 Coordinate system chosen for the derivation of
pseudogravimetric transformation formula. s indicates the

direction of earth's total magnetic field.
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2 .
1 Plo =¥y ¥y 7 1P, (0 + 4y)
U(x,¥,2) = — : 2 EF(k',k )
sinl_sinl 1°72 2 2 2 2
Yk Ky (Ppp” =¥y W)+ Byy (b *+ 9y)
2mi
.exp(Plzz) exp { —ﬁ—'(klx + kzy)} 2.3.9
Where,
Y gﬂ-(k cos D + k, sinD ) Cot I
2 N 1 Y 2 SR Y v’
IY = 1inclination of the magnetization vector,
DY = declination of the magnetization vector,
du
Now the pseudogravimetric anomaly iz can be written as
P, - ByUby = 1P EC * 0)
1 12 127172 12 1 2
Ag(X,y,Z) = inl g I 2 z F(k k ) 2 2 2 2
2<0 SISy K,k Py, = Uy Vo) + BT, + U)
1 2 12 1 72 12 1 2

» XD (P12 z) exp { (k X + kzy)} 2.3.10
~Ag(x,y,2) = z z Fl(k ,k ) exp { (k X + kzy)} 2.3.11
z<0 k k
1 2
where,
1 _
Folp,ky) = F (k) Ak k), T,T LD ,D, )
p..3 ! : 2( + )
ACkyky,I_, L ,D_,D,) = 1 12° = P1owivp - iPyp W1 * Yo
¥ sin S31n (P 2 2 P 2 2
12 T Vi¥p) * Py (g + )

.exp(Plzz)
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The expression on the right hand side of 2.3.11 has the same form
as an inverse Fourier transform.

In transforming a given magnetic anomaly map into pseudogravimetric
anomalies, the forward Fourier transform (F(kl,kz)) of the magnetic
anomaly map needs to be obtained. Then each of the Fourier series

coefficients,F(krkz),is multiplied by the factor A(kl,k .) to find

AR
Fi(kl,kz) and then by taking the inverse transform the pseudogravimetric
anomaly is obtained. A fast Fourier transform algorithm is used to
obtain the Fourier transform of the magnetic anomaly. Usually in
calculating the Fourier coefficients of an N-sampled vector, it requires
N2 complex multiplications and additions. The fast Fourier transform
algorithm (Cooley and Tukey, 1964) reduces the number of calculations
from N2 to N lngN. Since the magnetic anomaly map usually used is

a two~dimensional one with a large number of samples, the use of a

fast Fourier transform algorithm substantially reduces the computing

time.

2.4 An Alternative Way of Deriving the Pseudogravimetric Transformation
Formula

An alternative way of deriving the pseudogravimetric transformation
formula is by differentiation instead of integration. This method
was suggested by Bott (private communications). The way of deriving
this is indicated below and the symbols used here are the same as in
the earlier derivation, Since the magnetic anomaly T(x, y,z) and

corresponding pseudogravimetric potentral U(x,y,z) both satisfy Laplace's

equation
3 g 27i
T(x,y,2) = ) F(ky,k,)exp{==(k x + k,y)} exp(P,2)}  2.4.1
k1=-p k2=—P
i _ wl 2.1
(x,y,z) = L « (kl’kZ)eXp{_N——(le + sz) }eXP(Plzz) 2.4.2
k1=-p k,=-p
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the pseudogravimetric transformation. Figures 2.2 and Figure 2.3
give the magnetic anomaly and the pseudogravimetric anomaly due to the
sphere. Figure 2.4 gives the real gravity anomaly due to the same
sphere having a density contrast equal to the fictitious density
contrast of the pseudogravimetric transformation,. Cross-sections

of the gravity and the pseudogravimetric anomalies are depicted in
Figure 2.5. It can be seen from this diagram that the background
level of the pseudogravimetric anomaly is depressed compared to the
true gravity anomaly. This discrepancy between the two anomalies can
be explained as follows. In the derivation of the pseudogravimetric
transformation formula (by integration) it was assumed that there is
no contribution to the pseudogravimetric potential U from an infinite
slab, A given magnetic anomaly can be produced either by a finite
body or by the combination of an infinite slab and the same body.

This is because the magnetic anomaly due to an infinite slab is zero,.
Therefore the calculated pseudogravimetric anomaly is uncertain by the
pseudogravimetric effect due to an infinite slab. Since the gravity
effect due to an infinite slab is a constant depending on the density
contrast and the thickness of the slab, the regional level of the
calculated pseudogravimetric anomaly is uncertain by a constant value.
If the background level of the pseudogravimetric anomaly is increased
by a constant amount, then the pseudogravimetric anomaly can be made
to coincide with the gravity anomaly (Figure 2.5) except at the edges
of the profile. This method was tested further for a range of
magnetization and earth's total field directions by using the same
test. It was found that the method works satisfactorily for any value

of the azimuth of two directions. The results were not good when the












































































































































































































































































































































































































































































































































































































